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The last decade witnessed significant progress in angle- resolved photoemission spectroscopy 
(ARPES) and its applications. Today, ARPES experiments with 2 meV energy resolution and 
0.2° angular resolution are a reality even for photoemission on solid systems. These technological 
advances and the improved sample quahty have enabled ARPES to emerge as a leading tool in 
the investigation of the high- Tc superconductors. This paper reviews the most recent ARPES 
results on the cuprate superconductors and their insulating parent and sister compounds, with 
the purpose of providing an updated summary of the extensive hterature in this field. The low 
energy excitations are discussed with emphasis on some of the most relevant issues, such as the 
Fermi surface and remnant Fermi surface, the superconducting gap, the pseudogap and ci-wave-hl<e 
dispersion, evidence of electronic inhomogeneity and nano-scale phase separation, the emergence 
of coherent quasiparticles through the superconducting transition, and many-body effects in the 
one-particle spectral function due to the interaction of the charge with magnetic and/or lattice 
degrees of freedom. Given the dynamic nature of the field, we chose to focus mainly on reviewing 
the experimental data, as on the experimental side a general consensus has been reached whereas 
interpretations and related theoretical models can vary significantly. The first part of the paper 
introduces photoemission spectroscopy in the context of strongly interacting systems, along with 
an update on the state-of-the-art instrumentation. The second part provides a brief overview of 
the scientific issues relevant to the investigation of the low energy electronic structure by ARPES. 
The rest of the paper is devoted to the review of experimental results from the cuprates and the 
discussion is organized along conceptual hnes: normal-state electronic structure, interlayer inter- 
action, superconducting gap, coherent superconducting peak, pseudogap, electron self energy and 
collective modes. Within each topic, ARPES data from the various copper oxides are presented. 
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The discovery of su perconductivity at 30 K in the 
LaBaCuO ceramics by Bcdnorz and Miillcr (1986 ) has 
opened the era of high-Tc superconductivity, changing 
the history of a phenomenon that had before been con- 
fined to very low temperatures [until 1986 the maximum 
value of Tc was limited to the 23 K observed in NbaGe 
(Gavaler, 1973; Testardi et ai, 1974)]. This unexpected 



result prompted intense activity in the field of ceramic 
oxides and has led to the synthesis of compounds with 
increasingly higher Tc, all characterized by a layered crys- 
tal structure with one or more Cu02 planes per unit cell, 
and a quasi two-dimensional (2D) electronic structure. 
By 1987, a Tc of approximately 90 K (i.e., higher than 
the boiling point of liquid n itrogen at 77 K ) was already 
observed in YBa2Cu307-5 (|Wu ai, 1987| ). The record 
Tc of 133.5 K (at atmospheri c pressure) was later ob- 
tained in HgBa2Ca2Cu308+a; ( ^chilling et ai, 1992 ). 



One may wonder whether th e impact of the discovery 
by Bcdnorz and Miillcr (1986 ) would have been some- 
what overlooked if MgB2, with its re cently ascertained 
39 K Tc, had already bee n discovered Nagamatsu et al. 
(2001); for a review see: Day (2001)]. However, inde- 



pendent of the values of Tc the observation of supercon- 
ductivity in the ceramic copper oxides was in itself an 
unexpected and surprising result. In fact, ceramic mate- 
rials are typically insulators, and this is also the case for 
the undoped copper oxides. However, when doped the 
latt gr can become poor metals in the normal state and 



becomes most dramatic upon approaching the undoped 
line of the phase diagram (x = in Fig.|^), where one finds 
the antiferromagnetic (AF) Mott insulator (see Sec. 111). 

Therefore, the cuprate HTSCs have attracted great in- 
terest not only for the application potential related to 
their high Tc, but also for their scientific significance. 
This stems from the fact that the HTSCs highlight a 
major intellectual crisis in the quantum theory of solids 
which, in the form of one-electron band theory, has been 
very successful in describing good metals (like Cu) but 
has proven inadequate for strongly correlated electron 
systems . In turn, the Barde en-Coope r-Schrieffer (BCS ) 
theory |Bardeen et al. (1957); see also Schrieffcr (1964)], 
which was developed for FL-like metals and has been 
so successful in describing conventional superconductors, 
does not seem to have the appropriate foundation for the 
description of high- Tc superconductivity. In order to ad- 
dress the scope of the current approach in the quantum 
theory of solids and the validity of the proposed alter- 
native models, a detailed comparison with experiments 
that probe the electronic properties and the nature of the 
elementary excitations is required. 

In this context, angle-resolved photoemission spec- 
troscopy (ARPES) plays a major role because it is the 
most direct method of studying the electronic structure 
of solids (see Sec.|l|). Its large impact on the develop- 
ment of many-body theories stems from the fact that 
this technique provides information on the single parti- 
cle Green's function, which can be calculated starting 
from a microscopic Hamiltonian. Driven by the demand, 
a significant improvement in instrumental resolution and 
detection efficiency has taken place over the last decade. 
Owing also to the continuously improved sample qual- 
ity, the stage was set for ARPES to emerge as a leading 
experimental probe in the study of the HTSCs. Indeed, 
many of the ARPES r e sults have broadly impact ed the 
field ([Levi, 1990i |l993| , |l996| ; [Mitton, 1995| , |l998| ), such 



as the observat i on of dispersive electr onic features (01 



higli-temppraturp siiperronductors (HTSCs) upon redur 



son et al.. 1989; Takahashi et al. 



ing the temperature (see in Fig.|^ the phenomenologi- 
cal phase diagram of electron and hole-doped HTSCs, 
here represented by Nd2-a;Ce2;Cu04 and La2-a:Sr2:Cu04 
respectively). In addition, the detailed investigation of 
their phase diagram revealed that the macroscopic prop- 
erties of the copper oxides are profoundly influenced by 
strong electron- electron correlations (i.e., large Coulomb 
repulsion U). Naively, this is not expected to favor the 
emergence of superconductivity for which electrons must 
be bound together to form Cooper pairs. Even though 
the approximate T^ dependence of the resistivity ob- 
served in the overdoped metallic regime was taken as 
evidence for Fermi liquid (FL) behavior, the applicabil- 
ity of FL theory (which describes electronic excitations 
in terms of a n int eracting gas of renormalized quasiparti- 
cles, see Sec. |II.C| ) to the 'normal' metallic state of HTSCs 
is questionable, becaus e many properties do not follow 
canonical FL behavior (Qrenstein and Millis, 2000|) — This 



the d-wave superconducting gap (Shen et al., 1993; Wells 
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et a L, 1992) , and of the norma l -state pseudogap ([Ding 



19964 iLoeser et al, 1996| ; |Marshall et al, 1996| ) 



et a 

In such a rapidly evolving field, one is always presented 
with a dilemma when deciding whether and how to write 
a review. On the one hand it may be premature to pro- 
ceed with an extensive review, but on the other hand it 
is helpful for the broader community to have access to a 
summary of the current state of the subject. It is our in- 
tention to present a 'snapshot' of the investigation of the 
HTSCs by ARPES taken at the time of completion of this 
article. This will help the readers, especially those who 
are not photoemission experts, to sort through the ex- 
tensive literature, learn about the outstanding problems, 
and become aware of the level of consensus. The down- 
side is that some of the most recent results we will discuss 
may be outpaced by the rapid advance of the field. With 
this in mind, we limit the scope of our review to ARPES 
results only, without making detailed comparison with 
other techniques except when necessary. We will mainly 
focus on results reported after 1994, as on the previous 
period another extensive review paper is already avail- 
able.^ In addition, because over the last two years we 
have witnessed a dramatic improvement of energy and 
especially momentum resolution with the introduction 
of the Scienta SES200 electron analyzer, more emphasis 
will be given to ARPES data obtained with this kind of 
spectrometer, whenever available. As this review paper 
will deal mostly with experimental results, we will refer 
only to those theoretical concepts and models which are 
explicitly relevant to the discussion of the ARPES data 
on the HTSCs. Furthermore, as the doping evolution is 
probably the best comparison between theory and exper- 
iment, we will discuss ARPES data on different HTSCs 
and on their insulating parent compounds focusing, in 
particular, on systematic changes in the electronic struc- 
ture which may be relevant to the development of a com- 
prehensive picture for the evolution from Mott insulator 
to overdoped superconductor. 



II. ANGLE-RESOLVED PHOTOEMISSION 
SPECTROSCOPY 

A. General description 

Photoelectron spectroscopy is a general term which 
refers to all techniques based on th e photoelectric effect 
originally observed by Hertz (1887| ). This was later ex- 
plained as a manifestation of the quantum nature of light 



by Einstein (1905), who recognized that when light is in- 
cident on a samp e an electron can absorb a photon and 
escape from the material with a maximum kinetic energy 
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hv—tj) (where v is the photon frequency and (j), the mate- 
rial work function, is a measure of the potential barrier at 
the surface that prevents the valence electrons from es- 
caping, and is typically around 4-5 eV for metals). As a 
description of the spectroscopic techniques based on the 
detection of photoemitted electrons is beyond the scope 
of this review, we will only summarize those experimental 
and theoretical aspects which will be relevant to the dis- 
cussion of the ARPES results presented in the course of 
the paper. For a more detailed description of ARPES and 
other photoelectron spectroscopies, we refer the reader to 
the extensive literature available on the subject.^ 

The energetics of the photoemission process and of the 
geometry of an ARPES experiment are sketched in Fig.|^ 
and Fig.^, respectively. A beam of monochromatized 
radiation supplied either by a gas-discharge lamp or by a 
synchrotron beamline is incident on a sample (which has 
to be a properly aligned single crystal, in order to per- 
form momentum resolved measurements). As a result, 
electrons are emitted by the photoelectric effect and es- 
cape into the vacuum in all directions. By collecting the 
so-called photoelectrons with an electron energy analyzer 
characterized by a finite acceptance angle, one measures 
the kinetic energy E^in of the photoelectrons for a given 
emission angle. This way, the photoelectron momentum 
p is also completely determined: its modulus is given by 
p = \/2mEkin and its components parallel and perpendic- 
ular to the sample surface are obtained from the polar (■)?) 
and azimuthal ((/?) emission angles. 

Within the non-interacting electron picture and by tak- 
ing advantage of total energy and momentum conser- 
vation laws (note that the photon momentum can be 
neglected at the low photon energies typically used in 
ARPES experiments), the kinetic energy and momen- 
tum of the photoelectron can be related to the binding 
energy Eb and crystal-momentum ftk inside the solid: 

Emu =hu-(j)~\EB\ (1) 

P|| = ftk|| = y/2mEkin ■ sin?? (2) 

Here /ik|| is the component parallel to the surface of the 
electron crystal momentum in the extended zone scheme. 



^ A very detailed list of review articles and books dedic ated to 
photoelectron sp ectroscopv on solids was recently given by Lynch 
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Upon going to larger i? angles, one actually probes elec- 
trons with k lying in higher-order Brillouin zones. By 
subtracting the corresponding reciprocal lattice vector 
G, the reduced electron crystal momentum in the first 
Brillouin zone is obtained. Note that the perpendicu- 
lar component of the wave vector is not conserved 
across the sample surface due to the lack of translational 
symmetry along the surface normal. This implies that, 
in general, even experiments performed for all k|| (i.e., 
by collecting photoelectrons at all possible angles) will 
not allow a complete determination of the total crystal 
wave vector k [unless some a priori assumption is made 
for the dispersion E{k.) of the electron final states in- 
volved in the photoemission process]. However, several 
specific experimental methods for absolute three dimen- 
sional band m a pping have also been deve loped [see, e.g., 
Hlifncr (1995|) ; ^trocov et al. (1998| , |l997|) ]. 

A particular case in which the uncertainty in kj^ is 
less relevant is that of the low-dimensional systems char- 
acterized by an anisotropic electronic structure and, in 
particular, a negligible dispersion along the z axis (i.e., 
along the surface normal, see Fig.|^a). The electronic 
dispersion is then almost exclusively determined by k||, 
as in the case of the 2D copper oxide superconductors 
which we will focus on throughout this paper [note, how- 
ever, that possible complications arising from a finite 
three-dimensionality of the initial and/or final states in- 
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FIG. 2 Energetics of tlie pliotoemission process (Hiifner 
1995). The electron energy distribution produced by the in- 
coming photons, and measured as a function of the kinetic en- 
ergy Ehin of the photoelectrons (right), is more conveniently 
expressed in terms of the binding energy Eb (left) when one 
refers to the density of states inside the solid (-Es = at Bp). 



volved in the photoe mission process shoul d always be 
carefully considered ( Lindroos et al., 2002 )]. As a re- 
sult, one can map out in detail the electronic dispersion 
relations -E(k||) simply by tracking, as a function of p||, 
the energy position of the peaks detected in the ARPES 
spectra for different take off angles (as in Fig. ||b, where 
both direct and inverse photoemission spectra for a sin- 
gle band dispersing through the Fermi energy Ep are 
shown). Furthermore, as an additional bonus of the lack 
of z dispersion, one can directly identify the width of 
the ph otoemission peaks w ith the lifetime of the pho- 
tohole (Smith et al., 1993), which contains information 
on the intrinsic correlation effects of the system and is 
formally described by th e imaginary part of the electron 
self energy (see Sec. II. C ). On the contrary, in 3D systems 
the linewidth contains contributions from both photohole 
and photoelectron lifetimes, with the latter reflecting fi- 
nal state scattering processes and thus the finite probing 
depth; as a consequence, isolating the intrinsic many- 
body effects becomes a much more complicated problem. 

Before moving on to the discussion of some theoretical 
issues, it is worth pointing out that most of the ARPES 
experiments are performed at photon energies in the ul- 
traviolet (in particular for hv < 100 eV). The main reason 
is that by working at lower photon energies it is possible 
to achieve higher energy and momentum resolution. This 
is easy to see for the case of the momentum resolution 
Ak|| which, from Eq.|^ and neglecting the contribution 
due to the finite energy resolution, is given by: 



Akii 



y/2mEkt„/h'^ ■ cosi9-Ai? 



(3) 



where Ai} corresponds to the finite acceptance angle of 
the electron analyzer. From Eq.^ it is clear that the 
momentum resolution will be better at lower photon en- 
ergy (i.e., lower Ekin), and for larger polar angles t9 (note 
that one can effectively improve the momentum resolu- 
tion by extending the measurements to momenta outside 
the first Brillouin zone). By working at low photon ener- 
gies there are also some additional advantages: first, for a 
typical beam line it is easier to achieve high energy resolu- 
tion (see Sec. lI.E); second, one can completely disregard 
the photon momentum k = 2tt/X in Eq. H, as for 100 eV 
photons the momentum is 3% (0.05 A~ ) of the typical 
Brillouin zone size of the cuprates (27r/a~1.6 A"-"^), and 
at 21.2 eV (the Hela line typically used on ARPES sys- 
tems equipped with a gas-discharge lamp) it is only 0.5% 
(0.008 A^^). If on the contrary the photon momentum 
is not negligible, the photoemission process does not in- 
volve vertical transitions and k must be explicitly taken 
into account in Eq.|^. For example, for 1487 eV photons 
(the Al Kq line commonly used in X-ray photoemission) 
K~0.76 A~^ that corresponds to 50% of the zone size. 

A major drawback of working at low photon ener- 
gies is the extreme surface sensitivity. The mean free 
path for unscattered photoelectrons is characterized by 
a minim um of approximately 5 A at 20-100 eV kinetic 
energies ( 3eah and Dcnch, 1979 ), which are typical val- 
ues in ARPES experiments. This means that a consid- 
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erable fraction of the total photoemission intensity will 
be representative of the topmost surface layer, especially 
on systems characterized by a large structural/electronic 
anisotropy and, in particular, by relatively large c-axis 
lattice parameters, such as the cuprates. Therefore, in or- 
der to learn about the bulk electronic structure ARPES 
experiments have to be performed on atomically clean 
and well-ordered systems, which implies that fresh and 
flat surfaces have to be 'prepared' immediately prior to 
the experiment in ultra-high vacuum conditions (typi- 
cally at pressures lower than 5xl0~^^ torr). So far, the 



best ARPES results on copper oxide superconductors 
were obtained on samples cleaved in situ, which however 
requires a natural cleavage plane for the material under 
investigation and explains why not all the cuprates are 
suitable for ARPES experiments. 



B. Three-step model and sudden approximation 

To develop a formal description of the photoemission 
process, one has to calculate the transition probabil- 
ity Wfi for an optical excitation between the TV-electron 
ground state ^'f and one of the possible final states 
This can be approximated by Fermi's golden rule: 



Wf. = ^\{^f\H„,,\^^)\H{E^ - - h.) (4) 



where £;f =E['-'-E^ and E'/ ^E'^-' + Eu,n are the 
initial and final-state energies of the A^-particle system 
{E^ is the binding energy of the photoelectron with ki- 
netic energy E]^in and momentum k). The interaction 
with the photon is treated as a perturbation given by: 

Hint = 7-^(A-p + p-A) = — A-p (5) 

Imc mc 

where p is the electronic momentum operator and A is 
the electromagnetic vector potential (note that the gauge 
<i> = was chosen for the scalar potential <&, and the 
quadratic term in A was dropped because in the lin- 
ear optical regime it is typically negligible with respect 
to the linear terms) . In Eq. || we also made use of the 
commutator relation [p, A]—ih\7 ■ A and dipole approx- 
imation [i.e., A constant over atomic dimensions and 
therefore V-A = 0, which holds in the ultraviolet]. Al- 
though this is a routinely used approximation, it should 
be noted that V-A might become important at the sur- 
face where the electromagnetic fields may have a strong 
spatial dependence, giving rise to a significant intensity 
for indirect transitions. This surface photoemission con- 
tribution, which is proportional to (e — 1) where e is the 
medium dielectric function, can interfere with the bulk 
contribution resulting in asymmetric lineshapes for the 
bulk direct-transition peaks. At this point, a more rig- 



orous approach is to proceed with the so-called one-step 
model in which photon absorption, electron removal, and 
electron detection are treated as a single coherent pro- 
cess.^ In this case bulk, surface, and vacuum have to be 
included in the Hamiltonian describing the crystal, which 
implies that not only bulk states have to be considered, 
but also surface and evanescent states, and surface reso- 
nances. However, due to the complexity of the one-step 
model, photoemission data are usually discussed within 
the three-step model that, although purely phenomeno- 
logical, has proven to be rather successful ( Bcrgiund and 
Spicer, 19"64| ; [Fan, 1945| ; [Feibelman and Eastman, 1974^ 



Within this approach, the photoemission process is sub- 
divided into three independent and sequential steps: 

(i) Optical excitation of the electron in the bulk. 

(ii) Travel of the excited electron to the surface. 

(iii) Escape of the photoelectron into vacuum. 

The total photoemission intensity is then given by the 
product of three independent terms: the total probabil- 
ity for the optical transition, the scattering probability 
for the travelling electrons, and the transmission proba- 
bility through the surface potential barrier. Step (i) con- 
tains all the information about the intrinsic electronic 
structure of the material and will be discussed in detail 
below. Step (ii) can be described in terms of an effective 
mean free path, proportional to the probability that the 
excited electron will reach the surface without scattering 
(i.e, with no change in energy and momentum). The in- 
elastic scattering processes, which determine the surface 
sensitivity of photoemission (as discussed in the previ- 
ous section), also give rise to a continuous background in 
the spectra which is usually ignored or subtracted. Step 
(iii) is described by a transmission probability through 
the surface, which depends on the energy of the excited 
electron and the material work function cj). 

In evaluating step (i), and therefore the photoemis- 
sion intensity in terms of the transition probability Wfi, 
it would be convenient to factorize the wavefunctions in 
Eq.m into photoelectron and (A^— l)-electron terms, as 
we have done for the corresponding energies. This how- 
ever is far from trivial because during the photoemission 
process itself the system will relax. The problem sim- 
plifies within the sudden approximation, which is exten- 
sively used in many-body calculations of the photoemis- 
sion spectra from interacting electron systems, and is in 
principle applicable only to high kinetic-energy electrons. 
In this limit, the photoemission process is assumed to be 
sudden, with no post-coUisional interaction between the 



^ For more details on the surface photoemis sio n effects see: Feuer- 
bacher et al. (f978| ); Hansen et al. (1997a, ^; Miller et al. (1996| ) 
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FIG. 3 (a) Geometry of an ARPES experiment; the emission direction of the photoelectron is specified by the polar and 
azimuthal (ip) angles. Momentum resolved one-electron removal and addition spectra for : (b) a non-inte r actinR electron s ystem 
(with a single energy band dispersing across Ef); (c) an interacting Fermi liquid system (Meinders, 1994; Bawatzky, 1989| ). The 
corresponding ground-state (T = K) momentum distribution function n(k) is also shown, (c) Bottom rig ht: photoelectro n 
spectrum of gaseous hydrogen and the ARPES spectrum of solid hydrogen developed from the gaseous one (Bawatzky, 1989). 



instant). The final state can then be written as: 



photoelectron and the system left behind (in other words, 
an electron is instantaneously removed and the effective 
potential of the system changes discontinuously at that 

'f 

(6) 

where A is an antisymmetric operator that properly an- 
tisymmetrizes the A^-electron wavefunction so that the 
Pauli principle is satisfied, is the wavefunction of the 
photoelectron with momentum k, and is the fi- 

nal state wavefunction of the (A^— l)-electron system left 
behind, which can be chosen as an excited state with 
eigenfunction 5*^"^ and energy E^^~-^. The total transi- 
tion probability is then given by the sum over all possible 
excited states m. Note, however, that the sudden approx- 
imation is inappropriate for low kinetic energy photoelec- 
trons, which may need longer than the system response 
time to escape into vacuum. In this case, the so-called 
adiabatic limit, one can no longer factorize "if J in two in 



where M 



\Hint\<pf) is the one-electron dipole ma- 



trix element, and the second term is the (A^— l)-electron 
overlap integral. Here, we replaced with an eigen- 

state as discussed above. The total photoemission 

intensity measured as a function of Ekin at a momentum 
k, namely /(k, Ekin) i''^f,i^ then proportional to: 



E \CmA''6{Eurn+EZ-'- E^-hv) (9) 



|^^7V-i|^JV-i^|2 ^i^g probability that 
the removal of an electron from state i will leave the 
(A^— l)-particle system in the excited state m. From here 
we see that, if ^E*^" 
the corresponding \cmo,i 

Cm,i zero; in this case, if also M^^t^O, the ARPES spec- 
tra will be given by a delta function at the Hartree-Fock 
orbital energy E^ = — ek, as shown in Fig.|^ (i.e., non- 
interacting particle picture). In the strongly correlated 



^ ^'-'^ "-"^^ particular m — mo, 
will be unity and all the others 



dependent parts and the detailed screening of photoelec- systems, however, many of the 



tron and photoho le has to be taken into account (Gadzuk 



and Sunjic, 1975). It is important to mention that, how- 
ever, there is evidence that the sudden approximation is 
justified for the cuprate HTSCs even at photon energies 
as low as 20eV |Randeria et al. (1995); Sec. II.C]. 

For the initial state, let us first assume for simplicity 
that is a single Slater determinant (i.e., Hartree-Fock 
formalism), so that we can write it as the product of a 
one -electron orbital 6Y and an (A^ — l)-particle term: 



i\ will be different 
from zero because the removal of the photoelectron re- 
sults in a strong change of the system effective potential 
and, in turn, will have an overlap with many of 

the eigenstates Therefore, the ARPES spectra 

will not consist of single delta functions but will show a 
main line and several satellites according to the number 
of excited states m created in the process (Fig.||c). 

This is very similar to the situation encountered in 
photo emission from molecular hydrogen ( ^iegbahn et 



^ A 



1969| ) in which not simply a single peak but many lines 



More generally, however, ^ should be expressed as 
^f^"^ =Ck5'f^, where Ck is the annihilation operator for 
an electron with momentum k. This also shows that 
is not an eigenstate of the (A^— 1) particle Hamil- 
tonian, but is just what remains of the A^-particle wave- 
function after having pulled out one electron. At this 
point, we can write the matrix elements in Eq. ^ as: 



iV-l|,T,^-l\ 



separated by few tenths of eV from each other are ob- 
served (solid line in Fig. bottom right). These so- 
called 'shake-up' peaks correspond to the excitations of 
the different vibrational states of the H^ molecule. In 
the case of solid hydrog en (dashed line i n Fig.^, bottom 
right), as discussed by Sawatzky (1989| ), the vibrational 
excitations would develop in a broad continuum while a 
sharp peak would be observed for the fundamental tran- 
sition (from the ground state of the H2 to the one of the 
(8) HJ molecule). Note that the fundamental line would also 
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be the only one detected in the adiabatic hmit, in which 
case the (A^— l)-particle system is left in its ground state. 



C. One-particle spectral function 

In the discussion of photoemission on solids, and in 
particular on the correlated electron systems in which 
many |c„j_ip in Eq. ^ are different from zero, the most 
powerful and commonly used approach is based on the 
Green's function formalism.^ In this context, the propa- 
gation of a single electron in a many-body system is de- 
scribed by the iime-ordererf one-electron Green's function 
G{t — t'), which can be interpreted as the probability am- 
plitude that an electron added to the system in a Bloch 
state with momentum k at a time zero will still be in 
the same state after a time |i— By taking the Fourier 
transform, G(t—t') can be expressed in energy-momentum 
representation resulting in (k, w) = (k, uj)+G^ (k, w) , 
where G+(k, and G^(k, w) are the one-electron addi- 
tion and removal Green's function, respectively. At T = 0: 



G±(k,a.)^^. 



N±l\ 



I* 



N\ |2 



N±l 



± if] 



(10) 



where the operator = cj^.^ {c^ ~ Cj^^) creates (anni- 
hilates) an electron with energy lu, momentum k, and 
spin CT in the A'^-particle initial state ^f^, the summation 
runs over all possible (iV±l)-particle eigenstates ^^"""^ 
with eigenvalues E^^^-^ , and 77 is a positive infinitesi- 
mal (note also that from here on we will take H — 1). 
In the limit — > 0+ one can make use of the identity 
(xztir])^^ — V{l/x)^iTrS{x), where V denotes the prin- 
ciple value, to obtain the one-particle spectral function 
A(k, oj) = A+ (k, u;)+A- (k, uj) = - (l/7r)Im G(k, uj) , with: 

A±(k,c.)^^|(vI;,^±V^I*f>P'5(..-i?^±Vi?f) (11) 



and G(k,w) = G+(k, cj) + [G" (k, w)]*, which defines 
the retarded Green's function. Note that A~(k,w) and 
A+(k, w) define the one-electron removal and addition 
spectra which one can probe with direct and inverse pho- 
toemission, respectively. This is evidenced, for the di- 
rect case, by the comparison between the expression for 
A~ (k, uj) and Eq. H for the photoemission intensity (note 
that in the latter — Ck'^f^ and the energetics of 

the photoemission process has been explicitly accounted 
for) . Finite temperatures effect can be taken into account 
by extending the Green's function formalism just intro- 
duced to T ^ [see, e.g., |Mahan (198l| )]. In the latter 
case, by invoking once again the sudden approximation 
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the intensity measured in an ARPES experiment on a 2D 
single-band system can be conveniently written as: 



/(k,u;)=/o(k, z.,A)/(cc>)A(k,c^) 



(12) 



where k = k|| is the in-plane electron momentum, u) is 
the electron energy with respect to the Fermi level, and 
/o(k, t/. A) is proportional to the squared one-electron 
matrix element |Mj and therefore depends on the elec- 
tron momentum, and on the energy and polarization of 
the incoming photon. We also introduced the Fermi func- 
tion /(w) = (e'^/'^^-^-l-l)^^ which accounts for the fact that 
direct photoemission probes only the occupied electronic 
states. Note that in Eq.|l^ we neglected the presence of 
any extrinsic background and the broadening due to finite 
energy and momentum resolution, which however have to 
be carefully considered when performing a quantitative 
analysis of the ARPES spectra (Sec. and Eq.|l]). 

The corrections to the Green's function originating 
from electron-electron correlations can be conveniently 
expressed in terms of the electron proper self energy 
S(k, Lo) ~ Yj'{k., u;)-NE"(k, oj). Its real and imaginary part 
contain all the information on the energy renormaliza- 
tion and lifetime, respectively, of an electron with band 
energy and momentum k propagating in a many-body 
system. The Green's and spectral functions expressed in 
terms of the self energy are then given by: 



1 



A(k,c^) 



- Ek - S(k,u;) 
S"(k,t^) 



[cj-ek-S'(k,w)]2-|-p"(k,t^) 



(13) 
(14) 



It is worth emphasizing that because G(t, t') is a lin- 
ear response function to an external perturbation, the 
real and imaginary parts of its Fourier transform G(k, uj) 
have to satisfy causality and, therefore, are related by 
Kramers-Kronig relations. This implies that if the full 
^(k, w) = — (l/7r)ImG(k, w) is available from photoe- 
mission and inverse photoemission, one can calculate 
Re G(k, Lo) and then obtain both the real and imagi- 
nary parts of the self energy directly from Eq. ^ How- 
ever, due to the lack of high-quality inverse photoemis- 
sion data, this analysis is usually performed only using 
ARPES spectra by taking advantage of certain approx- 
imations ( Norman et al., 1999| ). This will be discussed 
in more detail in Sec. VIII together with other practical 
methods used to estimate the self-energy corrections. 

In general, the exact calculation of E(k, w) and, in 
turn, of A(k, lo) is an extremely difficult task. In the 
following, as an ex ample we will briefly c onsid er the in- 



teracting FL case (iLandau, 1956| , |l957i |l959|) . Let us 



start from the trivial I](k, lj) = non-interacting case. 
The iV-particle eigenfunction is a single Slater de- 
terminant and we always end up in a single eigenstate 
when removing or adding an electron with momentum 
k. Therefore, G{'k,uj) = l/{uj — ekHr]) has only one pole 
for each k, and ^(k, w) = 5{u! — ek) consists of a single 
line at the band energy (as in Fig.^). In this case. 
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the occupation numbers 'T-ko- ^'^ko-'^ko- good quantum 
numbers and for a metalhc system the momentum dis- 
tribution [i.e., the expectation value n(k) = (n\^a-), quite 
generaUy independent of the spin a for nonmagnetic sys- 
tems], is characterized by a sudden drop from 1 to at 
k = ki;- (Fig.||b, top), which defines a sharp Fermi surface 
(FS). If we now switch on the electron-electron correla- 
tion adiabatically, (so that the system remains at equilib- 
rium) , any particle added into a Bloch state has a certain 



prol lability of being scattered out of it by a collision with 
another electron, leaving the system in an excited state 
in which additional electron-hole pairs have been created. 
The momentum distribution n(k) will now show a dis- 
continuity smaller than 1 at kj? and a finite occupation 
probability for k > k^ even at T = (Fig. top). As 
long as n(k) shows a finite discontinuity Zk > at k = ki?, 
we can describe the correlated Fermi sea in terms of well 
defined quasiparticles, i.e. electrons dressed with a man- 
ifold of excited states, which are characterized by a pole 
structure similar to the one of the non-interacting sys- 
tem but with renormalized energy £k find mass m*, and 
a finite lifetime Tk = l/Fk. In other words, the proper- 
ties of a FL are similar to those of a free electron gas 
with damped quasiparticles. As the bare-electron char- 
acter of the quasiparticle or pole strength (also called 
coherence factor) is Z\^<1 and the total spectral weight 
must be conserved (see Eq.|l^), we can separate G(k,a;) 
and A{\i,uj) into a coherent pole part and an incoher ent 
smooth part without poles (pines and Nozieres, 1966): 



to E'): as the quasiparticle mass is larger than the band 
mass because of the dressing (m* > m) , the total disper- 
sion (or bandwidth) will be smaller (|£k| < |ek|)- 

Given that many of the normal state properties of the 
cupratc HTSCs do not follow the canonical FL behavior, 
it is worth illustrating the marginal Fermi liquid (MFL) 
model, which was specifically proposed as a phenomeno- 
logical ch aracteriza t ion of the HTSCs and will be r eferred 
to in Sec. VIII. B. 2 ( Abrahams and Varma, 2000 ; Varma 



et al, 198£, 1990] ). In particular, the motivation of the 



MFL description was to account for the anomalous re- 
sponse observed at optimal doping in, e.g., electrical re- 
sistivity, Raman scattering intensity, and nuclear spin re- 
laxation rate. The MFL assumptions are as follows: (i) 
there are momentum independent excitations over most 
of the Brillouin zone that contribute to spin and charge 
polarizability x(q, oj, T); (ii) the latter has a scale invari- 
ant form as a function of frequency and temperature, 
namely Imx(x/(w/T). To visualize the implications of 
this approach, we compare the MFL and FL self energy, 
neglecting for simplicity any momentum dependence: 



{Lo)=auj + il3 W + {-KkBTf 



^MFL 



bj In ■ 



TT 

i—x 
2 



(17) 



(18) 



G(k,cj) = 
A(k,w) = Zk 



- ek + iFk 

Fk/TT 

[lo - ek)2 + r: 



+ Ginch (15) 
Ainch (16) 



where Z^ = {l-%)-\ ek = ^k(ek + S'), rk = Zk|E"|, 
and the self energy and its derivatives are evaluated at 
uj = e-k. It should be emphasized that the FL descrip- 
tion is valid only in proximity to the FS and rests on the 
condition £k — for small (lj — /i) and (k — ki?). 
Furthermore, Fk oc [(Trfc^T)^ -I- ( sk — m)^] for a FL sys- 



tem in two or more dimensions (Luttinger, 1961; Pines 
andlNozieres, Iflfifil'l, although additional logarithmic cor- 



Here x ~ max(|a;|, T), = 0, oJc is an ultraviolet cutoff, 
and A is a coupling constant (which could in principle be 
momentum dependent). From Eq.|l^ and[T^ at T = we 
see that, while in a FL the quasiparticles are well defined 
because I]"(ix')/I]'((jj) vanishes as uj for ^ and 
is finite at k = kF, in a MFL E"(w)/i;'(w) cx 1/lnw is 
only marginally singular for lj^O, and there are no FL- 
like quasiparticles because Zk vanishes as l/lnw at the 
FS (in turn, for k = ki? the corresponding Green's and 
spectral functions are entirely incoherent) . As for a MFL 
description of the HTSCs, note that from Eq.|l^ one ob- 
tains a contribution linear in T to the electrical resistivity 
(i.e., uj — Q)^ consistent with experiments at optimal dop- 
ing. Furthermore, the MFL self energy has been used 
for the lineshape analysis of the A RPES sp ectr a from 
BiaSraCaCuaOs+A- [Bi2 212; see Sec.|VIII.B.2l and [Abra 



rect lons should be' included' in the two-dimensional case hams and Varma (2000| )]. As a last remark, it should be 



(Hodges et al., 1971). By comparing the electron removal 



and addition spectra for a FL of quasiparticles with those 
of a non-interacting electron system (in the lattice peri- 
odic potential), the effect of the self-energy correction 
becomes evident (see Fig.||c and respectively). The 
quasiparticle peak has now a finite lifetime (due to E")j 
and it sharpens up rapidly thus emerging from the broad 
incoherent component upon approaching the Fermi level, 
where the lifetime is infinite corresponding to a well de- 
fined quasiparticle [note that the coherent and incoher- 
ent part of A(k, uj) represent the main line and satellite 
structure discussed in the previous section and shown in 
Fig. bottom right]. Furthermore, the peak position 
is shifted with respect to the bare band energy ek (due 



emphasized that the scale invariant low-energy excitation 
spectrum assumed in the MFL model is characteristic of 
fiuctuations associated with a T = quantum critical 
point, as also discussed for the HT SCs at optimal doping 
( [Varma, 1999| ; [Varma et al, 1989| ). 

Among the general properties of the spectral function 
there are also several sum rules. A fundamental one, 
which in discussing the FL model was implicitly used to 
state that JduiAch = -^k and JdujAinch = 1 — ^k (where 
Ach and Ainch refer to coherent and incoherent parts of 
the spectral function, respectively), is: 



dujA(k,uj) = 1 



(19) 
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FIG. 4 (a) Temperature dependence of the ARPES spec- 
tra from Bi2Sr2CaCu2 0g+i (Tc = 87 K) measured at k = kF 
(point 1 in the Brillouin zone sketch ), (bl Temperature d e- 
pendence of the integrated intensity (Randeria et at, 1995). 



which reminds us that v4(k, uj) describes the probabiHty 
of removing/ adding an electron with momentum k and 
energy w to a many-body system. However, as it also 
requires the knowledge of the electron addition part of 
the spectral function, it is not so useful in the analysis of 
ARPES data. A sum rule more relevant to this task is: 



+ 00 



dujf{uj)A{\i,uj) = n(k) 



(20) 



which solely relates the one-electron removal spectrum 
to the momentum distribution n(k). When electronic 
correlations are important and the occupation numbers 
are no longer good quantum numbers, the discontinuity 
at ki? is reduced (as discussed for the FL case) but a 
drop in n(k) is usually still observable even for strong 
correlations ( Nozieres, 1964 ). Note, however, that great 
care is necessary in making use of Eq. EG because the 
integral of Eq. na does not give simply n(k) but rather 
/o(k, t^, A)ri(k). Nevertheless, by tracking in momentum 
space the loci of steepest descent of the experimentally 
determined ?T.(k), i.e. the maxima in |Vk?T.(k)|, it has 



bee n possible to ide ntify n ot on ly the FS in Bi2212 | Cam- 
puzi tno et al. (1996| ); Sec. |lV.C| but also the remna nt-FS 



in t he insulating pare nt comp ound Ca2Cu02Cl2 |Ron- 
nin ^ et al. (l"998|) ; Sec.|vX|.'' 



A n appro ximate sum rule was proposed by Randeria 
et a \. (1995 ) under the assumptions that at low energies 
A{'kp,—uj) = A{'kp,uj), and /o(k, j/, A) does not have sig- 
nificant dependence on v and T (the dependence on k 
or A in this case will appear to be irrelevant). It states 
that ri(ki?) is independent of temperature (note that here 



aJJy 

used to experimentally determine the FS. se e: [Kipp et al. (199g| ); 
^ossnagel et al. (2001 ); Straub et al. (1997). 



k = ki? necessarily, as for k near but not equal to k^?, 
different T dependence is expected for states below and 
above the chemical potential). This approximate sum 
rule was tested on temperature dependent ARPES spec- 
tra taken on Bi2212 at kf n ear (7r,0) which, as we will 
discuss in detail in Sec. VI. A, are characterized by a re- 
markable change in lineshape below the superconducting 
phase transition (Fig.^a). Indeed, as shown in Fig.^, 
the integrated intensity of the ARPES spectra is temper- 
ature independent, which not only satisfies the sum rule 
but also suggests the validity of the sudden approxima- 
tion for Bi2212 even at 19 eV photon energy (since it is 
on this approximation that Eq.|l^ and the above analysis 
rest). It was also noted that, as the low energy spectral 
weight in all the quasi 2D copper oxides is mostly repre- 
sentative of the electronic states belonging to the Cu02 
planes (CuSd and 2p), the validity of the sudden ap- 
proximation at this relatively low photon energy and, in 
turn, of the yl(k, oj) interpretation of the ARPES spectra 
(Eq.|l^), should be r egarded as a general p roperty of this 
class of compounds ( Randeria et al., 1995| ). 



D. Matrix elements and finite resolution effects 

As discussed in the previous section and summarized 
by Eq.|l^, ARPES directly probes the one-particle spec- 
tral function A(k, a;). However, in extracting quantita- 
tive information from the experiment, not only the effect 
of the matrix clement term Iq (k, i^, A) has to be taken 
into account, but also the finite experimental resolution 
and the extrinsic continuous background due to the sec- 
ondaries (those electrons which escape from the solid af- 
ter having suffered inelastic scattering events and, there- 
fore, with a reduced Ekin)- The latter two effects may be 
explicitly accounted for by considering a more realistic 
expression for the photocurrent /(k, w): 

jdCjd]&Io{k,u,A)f{Co)A{ii,u)R{uj~Co)Q{\^-k}+B (21) 



which consists of the convolution of Eq.|T^ with energy 
{R) and momentum (Q) resolution functions [R is typ- 
ically a Gaussian, Q may be more complicated], and 
of the background correction B. Of the several possi- 
ble forms for the background function B (Hiifncr, 1995), 
two are more frequently used: (i) the step-edge back- 
ground (with three parameters for height, energy posi- 
tion, and width of the step-edge), which reproduces the 
background observed all the way to Ep in an unoccupied 
region of momentum space; (ii) the Shirley background 
Bsh{'^)oc du)' P{uj'), which allows one to extract from 
the measured photocurrent I{uj) = P{u})+cshBsh{^) the 
contribution P{uj) due to the unscattere d electrons [h ere 
the only parameter is the constant csh', ^hirlcy (1972| )]. 

Let us now very briefly illustrate the effect of the ma- 
trix element term /o(k, ^, A) c>c jAfy jp, which is responsi- 
ble for the dependence of the photoemission data on pho- 
ton energy and experimental geometry, and may even re- 
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In order to discuss the photon energy dependence, from 
Eq.js] and by considering a plane wave e'*"" for the pho- 
toelectron at the detector, one may more conveniently 
|(£-k)((/)5'|e*'"")p. The overlap integral, 



write \M 



k 12 



FIG. 5 (a) Mirror plane emission from a d^2_y2 orbital, (b) 
Sketch of the optical transition between atomic orbitals with 
different angular momenta (the wavefunctions of the har- 
monic oscillator are here used for simplicity) and free electron 



Hiifner 



wavefunctions with different kinetic energies [after 
(199d|)]. (c) Calculated photoion ization cross-sections fo r Cu 



3d and O 2p atomic levels [after Yeh and Lindau (1985) 



197|; 


Eberhardt and Himpsel, 1980 


; GobcU et ai, 1964; 


Hcrmanson, 1977 


). By using the commutation relation 



as sketched in Fig||b, strongly depends on the details 
of the initial state wavefunction (peak position of the 
radial part and oscillating character of it), and on the 
wavelength of the outgoing plane wave. Upon increas- 
ing the photon energy, both Ekm and k increase, and 
Mj-^ changes in a non-necessarily monotonic fashion (see 
Fig^, for the Cu 3d and the O 2p atomic case). In 
fact, the photoionization cross section is usually char- 
acterized by one minimum in fre e atoms, the so-called 
Cooper minimum ( Cooper, 1962| ), and a series of them 
in solids ( [Molodtsov et ai, 2000| ). 

Before concluding this section, it has to be emphasized 
that the description of photoemission based on the sud- 
den approximation and the three-step model, although 
artificial and oversimplified, allows an intuitive under- 
standing of the process. However, for a quantitative anal- 
ysis of the ARPES spectra, calculations based on the one- 
step model are generally required. In this case, surface 
discontinuity, multiple scattering, finite lifetime effects, 
and also matrix elements for initial and final state crys- 
tal wavefunctions are included and accounted for by first 
principle calculatio ns, as we will discuss in Sec . [V.C for 
the case of Bi2212 ( Bansil and Lindroos, 1999 ). 



'oc |(0^|ex|(/!)f ) 1-^, where 
£ is a unit vector along the polarization direction of the 
vector potential A. As in Fig|^, let us consider photoe- 
mission from a d^2_y2 orbital, with the detector located 
in the mirror plane (when the detector is out of the mir- 
ror plane, the problem is more complicated because of 
the ack of an overall well dehncd even/odd symmetry). 
In order to have non vanishing photoemission intensity. 



E. State-of-the-art photoemission 

In the early stages of the investigation of the HTSCs, 
ARPES proved to be ver y successful in detecting d isper- 
sive electronic fe atures (Olson et ai, 199C, 1989| ; Taka- 



hashi et ai, 1988), the c?-wave superconductin g gap ( Shen 
et at, 1993|), and the normal state pseudogap (^ing et al. 



even function under reflection with respect to the mirror 
plane. Because odd parity final states would be zero ev- 
erywhere on the mirror plane and therefore also at the 
detector, the final state wavefunction 0^ itself must be 
even. In particular, at the detector the photoelectron is 
described by an even parity plane-wave state e*"^"" with 
m omentum in the m irror plane and fronts orthogonal to 
it ( Hcrmanson, 1977 ). In turn, this implies that (£-x)|(/)J') 
must be even. In the case depicted in Fig||a where \4)\) 
is also even, the photoemission process is symmetry al- 
lowed for A even or in-plane (i.e., £p-x depends only 
on in-plane coordinates and is therefore even under re- 
flection with respect to the plane) and forbidden for A 
odd or normal to the mirror plane (i.e., £s-x is odd as it 
depends on nor mal-to-thc-planc coo rdinates) . Following 
the notations of Mesot et al. (2001b| ), for a generic initial 
state of either even or odd symmetry with respect to the 
mirror plane, the polarization conditions resulting in an 
overall even matrix element can be summarized as: 



the whole mtcgrand m the overlap mtcgrai must be an 1996ct [Loescr et al, 1996|; [Marshall et al, 1996|). Over 



the past decade, a great deal of effort has been invested 
in further improving this technique. This resulted in an 
order of magnitude improvement in both energy and mo- 
mentum resolution, thus ushering in a new era in electron 
spectroscopy and allowing a detailed comparison between 
theory and experiment. The reasons for this progress 
are twofold: the availability of dedicated photoemission 
beamlines on high-flux second and third generation syn- 
chrotron facilities [for a description of synchrotron radia- 
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FIG. 6 Generic beamline equipped with a plane grating 
monochromator and a Scienta spectrometer [Color]. 
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FIG. 7 Energy (w) versus momentum (ky) image plot of the 
photoemission intensity from Bi2Sr2CaCu208+5 along (0,0)- 
(tTjTt). This fc-space cut was taken across the FS (see sketch of 
the 2D Brillouin zone) and allows a direct visualization of the 
photohole spectral function j4(k,aj) (weighted by Fermi dis- 
tribution and matrix elements): the quasiparticle dispersion 
can be clearly followed up to Ef, as emphasized by the white 
circles. Energy scans at constant momentum (right) and mo- 
mentum scans at constant energy (top) define energy dis- 
tribution curves (EDCs) an d momentum distri bution curves 
(MDCs), respectively. After [Valla et al. (1999b|) [Color]. 



tion technology and applications see Koch et al. (1991)], 
and the development of the Scienta electron spectrome- 
ters (Bcamson et ai, 199C; Martensson et ai, 1994). 

The configuration of a generic angle-resolved photoe- 
mission beamline is shown in Fig. |6[ A beam of white 
radiation is produced in a wiggler or an undulator (so- 
called 'insertion devices', these are the straight sections 
of the electron storage ring where radiation is produced), 
is monochromatized at the desired photon energy by a 
grating monochromator, and is focused on the sample. 
Alternatively, a gas-discharge lamp can be used as a ra- 
diation source (once properly monochromatized, to avoid 
complications due to the presence of different satellites 
and refocused to a small spot size, essential for high an- 
gular resolution). However, synchrotron radiation offers 
important advantages: it covers a wide spectral range 
(from the visible to the X-ray region) with an intense and 
highly polarized continuous spectrum, while a discharge 
lamp provides only a few unpolarized resonance lines at 
discrete energies. Photoemitted electrons are then col- 
lected by the analyzer, where kinetic energy and emis- 
sion angle are determined (the whole system is in high 
vacuum at pressures lower than 5x10^^^ torr). 

A conventional hemispherical analyzer consists of a 
multi-element electrostatic input lens, a hemispherical 
deflector with entrance and exit slits, and an electron 
detector (i.e., a channeltron or a multi-channel detec- 
tor). The heart of the analyzer is the deflector which 
consists of two concentric hemispheres (of radius Ri 
and R2). These are kept at a potential difference AV, 



so that only those electrons reaching the entrance slit 
with kinetic energy within a narrow range centered at 
Epass — eAV/{Ri/R2 — R2/R1) will pass through this 
hemispherical capacitor, thus reaching the exit slit and 
then the detector. This way it is possible to measure 
the kinetic energy of the photoelectrons with an energy 
resolution given by AEa = Epass{w / Rq + a^/ 4), where 
Rq = (i?i -|-i?2)/2, w is the width of the entrance slit, 
and a is the acceptance angle. The role of the electro- 
static lens is that of decelerating and focusing the pho- 
toelectrons onto the entrance slit. By scanning the lens 
retarding potential one can effectively record the photoe- 
mission intensity versus the photoelectron kinetic energy. 
One of the innovative characteristics of the Scienta an- 
alyzer is the two-dimensional position-sensitive detector 
consisting of two micro-channel plates and a phosphor 
plate in series, followed by a CCD camera. In this 
case, no exit slit is required: the electrons, spread apart 
along the Y axis of the detector (Fig.||) as a function of 
their kinetic energy due to the travel through the hemi- 
spherical capacitor, are detected simultaneously [in other 
words, a range of electron energies is dispersed over one 
dimension of the detector and can be measured in par- 
allel; scanning the lens voltage is in principle no longer 
necessary, at least for narrow energy windows (a few per- 
cent of Epass)]- Furthermore, contrary to a conventional 
electron analyzer in which the momentum information 
is averaged over all the photoelectrons within the accep- 
tance angle (typically ±1°), the Scienta system can be 
operated in angle-resolved mode, which provides energy- 
momentum information not only at a single fc-point but 
along an extended cut in fc-space. In particular, the pho- 
toelectrons within an angular window of ~ 14° along the 
direction defined by the analyzer entrance slit are focused 
on different X positions on the detector (Fig.^). It is thus 
possible to measure multiple energy distribution curves 
simultaneously for different photoelectron angles, obtain- 




10 Ep 
Binding energy (meV) 

FIG. 8 Angle-integrated photoemission data from Ni boro - 
carbides taken with 2.0 meV resolution ( Yokoya et al., 2000) 
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FIG. 9 ARPES spectra and corresponding intensity plot along F-M (a), and M-X (b). Mea sured (c) and calculated (d) FSs 
(Mazin and Singh, 1997). All data were taken at 10 K on Sr2Ru04 crystals cleaved at 180 K (Damascelli et ai, 2000) [Color]. 



ing a 2D snapshot of energy versus momentum (Fig.^. 

The Scienta SES200 analyzer {Rq = 200 mm) typically 
allows energy and angular resolutions of approximately 
a few meV and 0.2°, respectively (for the 21.2 eV pho- 
tons of the Hela line, as one can obtain from Eq.^j, 0.2° 
corresponds to ~1% of the cuprates' Brillouin-zone edge 
tt/o). Note, however, that in estimating the total energy 
resolution achievable on a beamline one has to take into 
account also AE^ of the monochromator, which can be 
adjusted with entrance and exit slits (the ultimate resolu- 
tion amon£chTomator_ca^^ 



ergy resolution to improve the angular resolution. There- 
fore, in angle resolved experiments, AE is typically set 
in the range of 5-20 meV. To illustrate the capability 
of state-of-the-art ARPES and how critical the improve- 
ment in angle resolution has been, the novel superconduc- 
tor Sr2Ru04 is a particularly good example. This system 
is isostructural to the archetypal cuprate parent com- 
pound La2Cu04 (see Fig.|ll|), but Ru02 planes replace 
the Cu02 planes. Its low-energy electronic structure, as 
predicted by band-structure calculations is chara cterized 



pow3r R — E / AEm] it can be as good as 1-2 meV for 20 
eV photons but worsens upon increasing photon energy) . 
To maximize the signal intensity at the desired total AE, 
monochromator and analyzer should be operated at com- 



by three bands cr ossing the chemical potential ( Oguchi 



1995; Singh, 1995). These define a complex FS comprised 



of two electron pockets and one hole pocket (Fig.gd), 
which have b een clearly observed in de Haas- van Alphen 



par£,blc resolutions. 



To date, one of the most impressive examples of high 
energy resolution for a photo emission experiment on a 
solid sample was reported by Yokoya et al. (2000| ), who 
performed photoemission measurements on the Ni boro- 
carbides in a system equipped with a Scienta SES2002 
electron analyzer (newer version of the SES200), and 
a G ammadata high-flux discharge lamp combined with 



experiments (Bergemann et al., 2000; Mackenzie et 



1996). On the other hand, early photoe mission measure- 



ments suggested a different topology (Lu et al., 1996 
Yokoya et al., 1996a| jb|), which g enerated a certain de - 



gree of controversy in the field (Puchkov et al., 1998). 
This issue was conclusively resolved only by taking ad- 
vantage of the high energy and momentum resolution of 
the 'new generation' of ARPES data: it was then rec- 



ogniz ed that a surface reconstruction (Matzdorf et 



a tcroidal grating monochromator. With this system, 200C) and, in turn, the detection of several direct and 



cap able of a n energy resolution of 1.5 meV, Yokoya 
et a l. (2000) measured angle-integrated photoemission 



folded surface b ands were responsible for the co nfli cting 
interpretation s ( Damascelli et al., 200C , ^001b| Jc| |Shen 



Y(Nio.8Pto. 2)2620, which are characterized by a super 
conducting transition at 15.4 and 12.1 K, respectively 
(see Fig.^). Due to the extremely high resolution, they 
successfully detected the opening of the small supercon- 
ducting gap, as evidenced by the shift to high binding 
ene rgies of the 6 K spectra leading-edge midpoint (which 



spectra with 2.0 meV resolution on YNi2B20 and et al, 2001a). Fig.|9|a,b show high resolution {AE = 14 



meV, Afc = 1.5% of the zone edge) ARPES data taken 
at 10 K with 28 eV photons on a Sr2Ru04 single crystal 
cleaved at 180 K [for Sr2Ru04, as recently discovered, 
the high-temperature cleaving suppresses surface contri- 
butions to the photoemission signal and allows one to 



isolate the bulk electronic structure; Damascelli et al. 



is instead located at Ep at 20 K, as expected for a metal), 
and by the appearance of a peak below Ep which directly 
reflects the piling up of the density of states due to the 
gap opening. By a detailed analysis, the authors could 
conclude in favor of an anisotropic s-wave superconduct- 
ing gap with Amax — 2.2 and 1.5 meV in the pure and 
Pt-doped samples, respectively. 

It has to be emphasized that, when angle resolved ex- 
periments are performed, one has to compromise the en- 



(2000)]. Many well deflned quasiparticle peaks disperse 



towards the Fermi energy and disappear upon crossing 
Ep. A Fermi energy intensity map (Fig.|^c) can then be 
obtained by integrating the spectra over a narrow energy 
window about Ep (±10 meV). As the spectral function 
(multiplied by the Fermi function) reaches its maximum 
at Ep when a band crosses the Fermi energy, the FS is 
identifled by the local maxima of the intensity map. Fol- 
lowing this method, the three sheets of FS are clearly 
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are different from those of the bulk and are not rep- 
resentative of the intrinsic electronic properties of the 
two compounds, which are more directly probed at 880 
eV: the Sd-Af spectra show a prominent structure corre- 
sponding to the tail of a Kondo peak in CeRu2Si2, and 
a broader feature reflecting the more itinerant character 
of the 4/ electrons in CeRu2 (Sekiyama et ai, 2000). 

At this point, it is worth emphasizing that while the ex- 
amples discussed in this section underline certain short- 
comings of photoemission and may raise some doubts 
concerning the general validity of the ARPES results, on 
the other hand they demonstrate that, by taking full ad- 
vantage of the momentum and energy resolution as well 
as of the photon energy range now available, state-of-the- 
art ARPES is not only a reliable technique but is also a 
unique tool for momentum space microscopy. 



FIG. 10 High energy angle-inte grated photoemission data 
from Ce compounds at T = 20 K (Sekiyama et ai, 2000). 



resolved and are in excellent agreement with the theoret- 
ical calculations (Fig.^). 

The improvement in synchrotron radiation technology 
results in the availability of high resolution beamlines op- 
erating at increasingly higher photon energies. The sig- 
nificance of this progress is well exemplified by the reso- 
nance pho toemission experiment s on Ce compounds per- 
formed by jSekiyama et al. (2000 ) on a high resolution soft 
X-ray (500-1500 eV) photoemission system [this consists 
of a Scienta SES200 spectrometer, combined with a var- 
ied line-spacing plane grating monochromator on a high 
brilliance beamline at the SPring-8 synchrotron facility 
( ^aitoh et ai, 1998 )]. Ce compounds are characterized 
by a very different degree of hybridization between the 4/ 
electronic states and other valence bands; the strength of 
the hybridization is stronger the larger the Kondo tem- 
perature Tk- However, although CeRu2Si2 and CeRu2 
are characterized by very different Tk (approximately 22 
and 1000 K, respectively), earlier photoemission studies 
reported similar spectra for the Ce 4/ electronic states.^ 
By performing angle-integrated high resolution photoe- 
mission experiments at the 3d-Af (/iz^~880 eV, A£^~ 100 
meV) and M -if ihv~ 120 eV, AE~ 50 meV) resonances 
(see Fig.|l^), Sekiyama et ai (2000| ) observed that, while 



the spectra for the two compounds are indeed qualita- 
tively similar at 120 eV photon energy, they are remark- 
ably different at 880 eV. As the photoelectron mean free 
path increases from approximately 5 to almost 20 A upon 
incr easing the ph oton energy from 120 to 880 eV ( ^cah 
and Dcnch, 197£), it was concluded that the Ad-Af spec- 
tra mainly reflect the surface 4/ electronic states. These 



III. FROM MOTT INSULATOR TO HIGH-Tc 
SUPERCONDUCTOR 

In the following we summarize the basic characteris- 
tics of the crystal and electronic structures of the cop- 
per oxides.^ We will use, as an example, the archetypi- 
cal cuprate superconductor La2-2:Sr2Cu04 (LSCO) and 
its parent compound La2Cu04 (see Fig.^, whose undis- 
torted high-temperature tetragonal (HTT) structure is 
sketched in Fig. n]. Upon lowering the temperature, 
several structural phase transitions occur, characterized 
by coherent rotatio ns of the CuOg octahedra [see, e.g., 
Kimura et al. (2000| )]. However, no discernible effect has 



been found in photoemission and ARPES data are usu- 
ally discussed within HTT notations. The correspond- 
ing three-dimensional Brillouin zone, which is most rel- 
evant to the study of the momentum-resolved electronic 
properties, is also sketched in Fig. However, as the 
cuprate HTSCs have a quasi 2D electronic structure with 
weak dispersion along the z axis, in the discussion of the 
ARPES data we will refer to the 2D projected zones as 
the one presented in Fig. |ri| for LSCO or in Fig.|l^ for 
other systems. As emphasized in Fig. the most impor- 
tant structural element is represented by the Cu02 planes 
which form single (as in LSCO) or multi-layer blocks sep- 
arated from each other by the so-called charge reservoir 
layers (La/Sr in Fig.|ll|). Depending on the number N of 
Cu02 planes contained within the characteristic blocks 
{N is also the number of Cu ions per formula unit), 
the cuprates are classified into, e.g., single-layer [LSCO, 
Bi2Sr2Cu06+5, Nd2-^Ce:rCu04, and (Sr,Ca)2Cu02Cl2], 
bilayer [Bi2Sr2CaCu208+5 and YBa2Cu307_5], and tri- 
layer materials [Bi2Sr2Ca2Cu3 0io+5], et cetera. This 
structural characteristic profoundly affects the supercon- 



Kaindl et al. (1992) 



3u6 et al. C19961.; :!arnicr et al. ('1997): Joyce et al. (1992) 



Patthcy et al. (1990); Wcschkc et al. (1991) 



^ For a m ore detailed d escription see 
a2a 4| ); ^de n99.^1; [l^ada et al, 



Auerbach (1994): pagotto 
[Markk^ifz (1991' 



1997|)": prcnstein and "iVlillis (2000|): |Pick"ett' (1989| 
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Raroau (T^i^ gaclidev (200C J~ [Tokura and Nagaosa {20Ut ) 
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FIG. 11 (top) Crystal structure, 3D Brillouin zcne (body 
centered tetragonal) and its 2D projection for L 5CO (dia- 
mond: FS at half filling calculated with only neares t neighbor 
hopping; grey area: FS obtained including also next- nearest 
neighbor hopping). Note that M is the midpoint along F-Z 
and not a true symmetry point, (bottom) Crystal field split 
ting and hy bridization giving rise to the Cu-O binds (Fink 
et at 



1989| ), and generic LSCO ARPES spectrum 



shows the low-energy scale we will focus on in this 



ducting properties: within each famil y of cuarates 



increa ses with N, at least f or < 3 ( |Di Stapio et al. 
199" 



Tarascon et ai, 1988). For instance 



Bi-based cuprate HTSCs, a maximum Tc of 3 
llOK is found for iV = 1, 2, and 3, respective 

By substituting different elements 

cont' ;nt 



et 4., 2002| ) 

reservoir layers or by varying their oxygen 
methods are also possible, depending on the sy 
can dope charge carriers into the Cu02 planes 
ter are believed to be responsible for high- 
superconductivity as the Cu-O bands are the 
ergy electronic states and therefore directly 
the macroscopic electronic properties. For 
is clearly indicated by the local-density 
(LDA) band structure calculations presented ir 
where all the bands between Ep and 8 eV bind 
appear to be of Cu 3d or O 2p character [a 
ture of the origin of the Cu-O bands in the c 
given at the bottom of Fig.|l|, where the effect 
field splitting and, in particular, Jahn- Teller (Jahn and 
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is also shown]. Analogous results are ob- 
quare lattice with three orbitals (Cu dx2_y2 , 
and 2py) at half filling (i.e., one electron per 
bital corresponding to x = in the phase dia- 
1]) , which emphasize the presence of one anti- 
at the Fermi level, and of nonbonding and 
ds at higher binding energy [see Fig. ^3|a, and 
and Fig.|l^ where the corresponding metal- 
f states and the symmetry of the hybridized 
at (7r,7r) are shown]. 

structures of Fig.|l^a,b imply metallic be- 
1 FS with volume equal to half of the Bril- 
[n particular, for the calculations of Fig. [l^a 
y nearest neighbor hopping (Cu-O, t „d) was 
a diamond-like FS is obtained (Fig.O). A 
this FS takes place with the more realistic in- 
next-nearest neighbor hopping (0-0, t„p), 
s in the FS given by the grey area in Fig.|ll| 
md Doniach, 1993). These results seem to 
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FIG. 12 Ci 
and O 2p 01 
ing hybridized 
square lattic( 
zones with 
(shaded area 



ond to the photoemission spectrum shown 
here a several eV broad valence band and a 
( uasiparticle peak are observed (note that the 
gion shown in the enlargement is the energy 
will be mostly dealing with throughout this 
Ho|wever, the experimental spectrum of Fig.[ll] 
on optimally doped LSCO (a; = 0.15 point 
■\|/hereas on the basis of the band structure 
g.jlSjj metallic behavior is expected also for 
2CUO4 {x — point in Fig.|l]), which on the 
m AF insulator. This contradiction reflects 
f the independent particle picture (assumed 
ions like those of Fig.p^a,b) and sug- 
undoped parent compounds of the cuprate 
ors ma y belong to the class of the Mo tt- 
ulators ( Anderson, 1959 ; Hubbard, 19644 |b|; 



cal 3ulat: 
the 



1956 , 1974| ). These systems, because of the 



odd number of electrons per unit cell are erroneously pre- 
dicted by b md theory to be paramagnetic metals, with 
a partially lilled d-band in the case of transition metal 
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wavefunctions for the bare CUO2 plane (i.e., 
see also Fig.^a), and 2D projected Brillouin 
conventional notations for different copper oxides 
i represent the irreducible symmetry units). 
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oxides such as, e.g., CoO. The reason for this failure 
Hes in the on-site electron-electron repulsion U, which is 
much larger than the bandwidth W. As a consequence, 
the conduction band splits in upper and lower Hubbard 
bands and these compounds are rather good insulators 
with an optical gap t/ of a few eV between the two Hub- 
bard bands. Similarly in the case of the copper oxides, 
as the on-site electron-electron repulsion U for the Cu 
3d electrons is comparable to the bandwidth W = 8t 
(which is the tight binding result for the square lattice), 
the antibonding band splits in upper and lower Hubbard 
bands and charge fluctuations are suppressed (Fig. [T3|d) . 
It has to be emphasized, however, that in the cuprates 
the Cu-0 charge-transfer energy A is smaller than the 
on-site Coulomb repulsion U (Fig.[l^e), which character- 
izes these compounds more pr ecisely as charge-transfer 
insulators ( [Zaanen et ai, 1985 ). 

Therefore the cuprates should be describ ed in terms of 



the three-band exten ded Hubbard model ( Emery, 1987 
Varma et al., 1987a| jb|), where Cu 3c?^2_„2, as well as 



O 2px and 2py orbitals are explicitly considered. How- 
ever, because of the finite hybridization between the cor- 
related Cu and the non- interacting- like O orbitals, the 
firsti electron-removal state s correspond to the u-de rived 
Zhalig'-Rlce riliiglcL band dzFaiig and Ric<;, 1988^ — R~ 



was then suggested that the cuprates may be considered 
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FIG. 13 (a) Bondi ng, antibondi ng. and nonbonding bands for 
the square lattice (Fulde, 1995) at half filling, and (c) corre- 
sponding density of states f(b) show s band structure calcula- 
tions for La2Cu04 (Mattheiss, 1987)]. The system is metallic 
in absence of electronic correlations, and becomes a Mott (d) 
or a charge-transfer (e) insulator, respectively, for /S.>U >W 
and (7 > A > IF. In the latter case, due to the hybridization 
with the upper Hubbard band, the nonbonding band further 
splits in triplet and Zhang- Rice singlet states (f). 



equivalent to an effective single-band Mott-Hubbard sys- 
tem with the Zhang-Rice singlet band playing the role 
of the lower Hubbard band, and an in-plane Cu-derived 
band as the upper Hubbard band. These states are sepa- 
rated by an effective Mott gap of the order of A (Fig. |l3|f). 
Note that although not universally agreed upon,^ this 
line of thinking is widely u sed in the literat ure and sup- 
ports the early proposal by Anderson (1987 ) that the es- 
sential physics of the cuprates would be captured by the 
one-band Hubbard model; this contains a single kinetic- 
energy term proportional to the nearest-neighbor hop- 
ping amplitude i, in addition to the Hubbard U term 
that favors electron localization and results in 'frustra- 
tion' of the kinetic energy: 



H.c. 



(23) 



Here c^^. (cio- ) creates (annihilates) an electron or hole on 
site i with spin cr, {ij) identifies nearest-neighbor pairs, 
and rii^ — c\^Cic is the number operator. In the strong 
coupling limit (U^t) at half filling {x = 0, i.e., one elec- 



tron per Cu s ite in a 3d^2_y2 orbital), the AF state (An- 
dcrson, 195C) results from the fact that, when nearest- 



neighbor spins are antiparallel to each other, the elec- 
trons gain kinetic energy by undergoing virtual hopping 
to neighboring sites (because of the Pauli principle, hop- 
ping is forbidden for parallel spins). Note that by project- 



ing o ut the doubly occupied states at large U (Dagotto 



1994), the Hubbard Hamiltonian simplifies into the t-J 
Hamiltonian, which is more commonly used in studying 
the low-lying excitations of the 1/2-filled AF insulator: 



^ = E (45.. + H.c.) + jY^iSrS, 

{ij) 



(24) 



where the operator Cio- — ( 1— ^g. ) excludes double oc- 
cupancy, J = 4:t^/U is the AF exchange coupling constant, 
and Si is the spin operator. At half filling, as charge 
excitations are gapped, we find at low-energy only spin 
excitations governed by the AF Heisenberg Hamiltonian 
H = J^Si-Sj (the constant term —niUj/A is usually ne- 
glected). Away from half filling, the t-J model describes 
the so called 'doped AF', i.e., a system of interacting 
spins and mobile holes. The latter acquire a 'magnetic 
dressing' because they are perturbing the correlations of 
the spin background that they move through. 

As we will see in more detail in Sec. IV. A, the ARPES 



work on the undopcd insulator provides a starting point 



Emery (1987); Varma et al. (1987a|jb|). It should be emphasized 



however that the existence and stabiUty of Zhang-Rice singlets in 
the cuprates, and in turn the description in terms of an effective 
one-band Hubbard model, have recently received further support 
from spin-resolved photoemission studies on Bi2Sr2CaCu2 08+a, 
which suggest the pure singlet character of th e first ionization 
states (Brookes et al., 2001; Tjeng et ai, 2001). 
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to understand the doping evolution of the electronic 
structure of the cuprate HTSCs and emphasizes a fun- 
damental problem in the theoretical description of the 
doped 2D AF: the Hciscnberg model is so strongly per- 
turbed by the addition of mobile holes that, above a 
certain doping level, some form of spin liquid may be 
a better ansatz than the long range ordered Neel state. 
This point is centrally important to high-Tc supercon- 
ductivity and the HTSCs, which are poor conductors in 
the normal state with a behavior fundamentally different 
from the FL paradigm and arc of ten regarded as doped 
AFs (Orcnstein and Millis, 2000). For this reason the 
BCS theory (Bardccn et ai, 1957), which was developed 
for FL-like metals and has been so successful in describ- 
ing conventional superconductors, is generally considered 
not to have the appropriate foundation for the descrip- 
tion of the HTSCs. A new approach may therefore be 
needed, and a necessary requirement for a theory aiming 
to capture the essential physics of high-Tc superconduc- 
tivity might be the inclusion of the essential physics of 
the doped AF: the competition between AF and Coulomb 
interactions (which induce localization), and zero point 
kinetic energy (which favors delocalization). Along this 
direction, the most radical models seem to be those based 
on: (i) the resonating valence bond (RVB) state and the 
related spin-charge separation picture, (ii) stripes, 
and (iii) quantum criticality.^^ Although very differ- 
ent, these theoretical approaches have one common de- 
nominator: superconductivity is not simply caused by 
the pairing of two quasiparticles, as in the BCS case, 
rather it is the process in which the quasiparticle itself 
forms. Furthermore, contrary to the standard theories of 




FIG. 14 Doping of a charge-transfer insulator (a): n is pinned 
inside the charge-transfer gap and states move towards the 
chemical potential (b); alternatively (c), shifts to the top 
of the valence band and sp ectral weight is transferred as a 
consequence of correlations (van Veenendaal et ai, 1994). 



become phase coherent that the frustration of the kinetic 
energy is released, and superconductivity sets in. 

Upon further doping the system, AF correlations are 
reduced and a metallic state appears. Eventually (i.e., in 
the optimum and overdoped regime), the AF state is de- 
stroyed and a large LDA-like FS emerges, with a volume 
which scales as (1 — a;) counting electrons {x is the con- 
centration of doped holes for p-type HTSCs), as expected 
within the FL approach. In this context, the first impor- 
tant question to answer concerns the way the low energy 
states emerge in the very underdoped regime (Fig. . 
For X <^ 1, two alternative s ce narios have been pro p osed 



soli ds where any phaac transition into a long range or 



I see, e.g.. 



Allen et 



der dd otato io driven by the gain in potential energy, in 
cases (i) and (ii) the driving mechanism for the supercon- 
ducting phase transition is identified with the gain in ki- 
netic energy, a scenario which has recently received direct 
support from the experimental investig ation of the opti- 
cal conductivity of Bi2Sr2CaCu208+5 ( Molegraaf et ai 
200|) . In the stripe or RVB models the hopping of pairs 
of holes perturbs the AF spin background less than indi- 
vidual holes. However, it is only when charge fluctuations 
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/I is pinned inside the charge-transfer gap A as 'in-gap 
states' are created (Fig.jljb); second, the chemical poten- 
tial moves downwards into the top of the valence band 
and states are transferred from the upper to the lower 
Hubbard band because of correlations (Fig.[l^c). 

Another relevant question is how do the low-lying 
states evolve upon going from the underdoped to the 
overdoped regime, where FL-like behavior seems to re- 
cover? To better organize the discussion, let us present 
an overview of some relevant theoretical models. They 
can be classified as: (i) those that preserve the underly- 
ing crystalline symmetry, and (ii) those that break this 
symmetry (note that also the scenarios based on a dy- 
namical breaking of symmetry should be taken into ac- 
count because ARPES is sensitive to the latter, due to 
the relatively high excitation energy) . The first models to 
be mentioned among (i) are the FL and band structur e 
perspectives ( Pickett, 198£ ; Pines and Nozicres, 1966 ), 
which sever the connection to the imdoped AF insula- 
tor by assuming that the screening in the doped metal 
is strong enough for the FL formalism to recover; in this 
case a well defined FS is expected (Fig.[l5|a), with a vol- 
ume prop ortional to (1— x ) in agreement with Luttinger's 
theorem (Luttinger, 196C). An alternative scenario con- 
siders the breakdown of FL theory due to umklapp scat- 
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(a) (0,11) 



(11,0) 




(b) 



Fig. p^,[l5|b, andp^ assume that the system is spatially 
homogeneous [as far as Fig.^5|b is concerned, one could 
talk about phase separation between insulating spin- 
l iquid and metallic regions, but only in momentum space 



(iFurukawa and Rice, 199'^ ; Furukawa et al, 199? ; 



Hon- 



erkamp et ai, 2001) |. In contrast, the model in Fig. p_5| 




FIG. 15 Calculated Cu02 plane FS from: (a) LDA (with 
next-nearest neighbor hoppi ng), (b) truncation of a 20 FS 
due to umklapp scattering ([Furukawa and Rice, 1998 ), (c) 
RVB/flux- phase (Wen and Lee, 1996), and (d) vertical an d 
horizontal domains of disordered stripes ( ^alkola et ai, 1996[ ). 



assumes that the system is spatially inhomogeneous: the 
formation of stripes is defined as the segregation of charge 
carriers into one-dimensional (ID) domain walls which 
separate AF spin domains in antiphase with each other 
(Tranquada et ai, 1995;). In F ig. in particular , dis- 
ordered stripes are considered ( Salkola et aL, 1996| ). 



Each of the above pictures seem to capture some of the 
experimental aspects. Throughout the paper, we will try 
to compare ARPES data from various systems with the 
results of these models, in the hope of identifying the 
scenario that has the best overlap with the experimental 
observations. This will also help us to answer the ques- 
tion of whether different materials would favor different 
scenarios, and to address the relevance of degrees of free- 
dom other than the electronic ones (e.g., lattice degrees 
of freedom in the case of the stripe instability). 



tering ( [ Furukawa and Rice, 1998 ; Furukawa et ai, 1998 
Honcrkamp et ai, 200 1| ). As a result, in the underdoped 
region of the phase diagram the FS is truncated near the 
saddle points at (7r,0) and (0,7r), because of the opening 
of spin and charge gaps. This results in four discon- 
nected arcs of FS centered at (±7r/2,±7r/2), as shown in 
Fig. |l5|b. In agreement with a generalized form of Lut- 
tinger's theorem, the area defined by the four arcs and 
by the umklapp gapped FS (dashed lines in Fig.|l^) en- 
closes the full electron density. 

Among the broken-symmetry models, we find the 
RVB/flux-phase approach. ^'^ This predicts a FS given 
by four hole-pockets close to (zfc7r/2,±7r/2) with a vol- 
ume proportional to x, as in Fig. [l5p , which continu- 
ously evolve into a large FS upon increasing the hole 
concentration. Note that this is very similar in spirit 
to the spin-density wave picture, which also assumes a 



dynamical breaking of symmetry (Kampf and Schricffer 
199(Q,^). Another model belonging to (ii) is the stripe 
picture, which yields a momentum-space distribution 



of lo w- lying excitations ( Fleck et ai, 2000; Markiewicz 



200(|; Salkola et ai, 1996 ). These are represented by the 



black patches in Fig.|l^, where the results obtained for 
an equal number of vertical and horizontal domains of 
disordered stripes are qualitatively sketched (in this case 
the physics, together with the superposition of domains, 
conspires to give the appearance of a large LDA-hke FS). 

There is another meaningful way to differentiate 
the four models discussed above: those depicted in 
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IV. NORMAL-STATE ELECTRONIC STRUCTURE 

A. Sr2Cu02Cl2 and Ca2Cu02Cl2 

The t-J model, briefly discussed in the previous sec- 
tion, is of particular relevance to the low-energy ARPES 
features detected on the cuprates. In fact, in ARPES ex- 
periments performed on the insulating parent compounds 
of the HTSCs, as a result of the photocmission process 



-1 — I — T — [ — 1 — I — I — r 




-L.i -i -0.5 
Energy Rel alive to Ep (eV) 



(0,0) C2ii, 
Momeamm 



0) 



FIG. 16 (a) ARPES data from SCOC along (0,0)-(7r,7r) taken 
at 350 K [note that the Neel temperature is 256 K on this 
compound; how ever, for the correla tion length indicated by 
neutron studies (Greven et al., 1994), it was argued that pho- 
toemission should still be sensitive to the AF ordering], (b) 
Comparison between the experi mental and the tig ht-binding 
quasiparticle dispersions. After Wells et al. (1995 ). 
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one photo-hole is injected in the Cu02 plane. Therefore, 
this experiment is the practical realization of a 'single 
hole' in the AF insulator, and the comparison of ARPES 
data and calculations based on the t-J model is partic- 
ularly meaningful (the latter are typically performed on 
small clusters and hence have difficulties treating charg e 
ordering, which may arise at finite doping; see Sec. [V.B). 



1 dimensbn 



2 dimension 



1. Single hole in the AF insulator 

ARPES spectra and the corresponding energy disper- 
sion for insulating Sr2Cu02Cl2 (SCOC) alo ng the nodal 
direction (0,0)-(7r,7r) are shown in Fig.nqa,b (Wells et at, 
199^). A more complete quasiparticle dispersion is pre- 
sented in Fig.|l^ (note that throughout the paper we will 
use itei'iiiH like 'quaHipaiticle' iii a loose seiirie foi' conve- 
nience, even Lhuugh in uiusL cases FL Lhyuiy may nuL ap- 
ply and well defined quasiparticle peaks cannot be iden- 
tified in the ARPES spectra). Along (0,0)-(7r,7r) the dis- 
persion is characterized by a bandwidth W^~0.3eV. This 
is in very good agreement with t-J model calculations 
(Dagotto, 1994), which show that, independent of the 
value of t ~ 350 meV, the dressing of the hole moving in 
the AF background reduces the quasiparticle bandwidth 
from the square-lattice tight-binding value of 8t ~ 2.8 
eV iKittel (1996] ); Fig.|I|b] to 2.2J~270 meV [J -125 
meV for SCOC as independently deduced from neutron 



scattering studies (Greven et al, 1994)]. 

The ability of t-J model calculations to reproduce 
the experimentally observed energy-scale renormaliza- 
tion from t to J confirms the importance of many-body 
effects, and in particular of the coupling between quasi- 
particles and magnetic correlations, in the (undoped) 



FIG. 17 Electronic dispersion for SCOC (E = correspond s 
to the top of the band). Open circles ( Wells et ai, 1995 ) 
triangles (La Rosa et al, 1997), and squares ( [Kim et al. 
1998): experimental dat al Dashed line: t-J model calcula- 
tions (Wells et al, 1991:). Solid circles: self-consistent Born 



approximation (SCBA) for the t-t'-t"-J model {t=0.35 eV, 
t'=-0.12 eV, t" =0.08 eV and J=0.14 eV). Soli d lines: fits of 
the SCBA data ( [Tohyama and Maekawa. 200C|'). Do tted line 
along (7r,0)-(0,7r): spinon dispersion (Laughhn, 1997). 




FIG. 18 Experimental dispersion for q uasi- ID (|Kim et al. 



1996) and quasi-2D insulating systems (Wells et ai, 1995) 



cuprates. An additional proof of this statement is pro- 
vided by the comparison between the experimentally de- 
termined dispersion for ID and 2D systems with almost 
identical structures and Cu-O-Cu bond lengths (e.g., 
SrCu02 and SCOC, respectively). The surprising aspect 
in the data presented in Fig. |l^ is that the dispersion seen 
in ID systems is about three times as large as the one of 



the 2D systems (Kim, 2001; Kim et ai, 1996, 1997). This 



violates the non-interacting particle picture on a quali- 
tative level, as band theory would predict the dispersion 
in 2D (8t) to be twice that of ID (At). This catastrophic 
failure of the independent-particle picture can be under- 
stood as a consequence of two factors: first, the quasi- 
particle dispersion in 2D is strongly renormalized by the 
magnetic interaction; second, in ID spin-charge separa- 
tion occurs, and this frees the holon motion from the 




magnetic interaction ( Lieb and Wu, 196g 

On the other hand, the t-J model predicts a relatively 
flat d ispersion ( Dagotto et ai, 1994|; |Liu and Manousakis 
7r,0)-(0,7r) 
the 



along the 

in contrast to 



direction (dashed line in 
bandwidth W ~ 0.3 eV ob- 



served by ARPES around (7r/2,7r/2) independent of the 
direction. Also the poorly defined lincshape and the spec- 
tral weight suppression observed at (7r,0), which indi- 
cate the lack of integrity of the quasiparticle at those 
momenta, cannot be reproduced within the simple t-J 



model calculations ( Kim et al, 2002 , 1998 ). Better agree- 



ment between the experimental dispersion and the calcu- 
lations (solid circles and solid line in Fig. |7|) is obtained 
by adding second and third nearest-neighbor hopping (f 
and t" , respectively) to the t-J Hamiltonian.^'* In fact, as 
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t' and t" describe hopping within the same magnetic sub- 
lattice, they do not alter the AF properties of the system 
at half filling; at the same time, they are not strongly 
renormalized by the AF correlations but contribute di- 
rectly to the coherent motion of the hole and, therefore, 
have a substantial impact on the quasiparticle dispersion. 
Less can be said about the lineshape because the broad- 
ening is not predicted by the theory, which is a major 
limitation of this kind of approach. Most importantly, 
the inclusion of t' and t" accounts for the suppression of 
the quasiparticle peak at (7r,0), which may reflect a re- 
duction of AF spin correlations: the additional hopping 
possibilities represented by t' and t" induce a spin-liquid 
stat e around the photo-hol e with (7r,0) momentum (To- 
hyai na and Maekawa, 20do| ; Tohyama et al, 2000 ). As a 
consequence, one may expect to find s ignatures of spin - 
charge separation in the ARPES data ( Anderson, 1987 ). 
In this regard, it is interesting to note that the full quasi- 
particle dispersion observed for SCOC can be very well 
reproduced also by the spinon dispersion as proposed by 
Laughlin (1997 ) [the dotted line in Fig.|l^ shows the re- 
sult along (7r,0)-(0,7r)], who argued in favor of the decay 
of the photo-hole injected in the 2D AF Cu02 plane into 
a spinon-holon pair. This is also reminiscent of the flux 
phase physics, ^'"^ an ex tension of the early RVB conjec- 



ture ( Anderson, 1987 ). We stress here that spin-charge 
separation in 2D, if realized, would have a different im- 
pact on the dispersion, as suggested by the comparison 
with the ID case in Fig.^: in 2D the holon motion is 
much less coherent than in ID. 



2. Remnant Fermi surface 

We mentioned above that both the relatively isotropic 
dispersion at (7r/2,7r/2) and the suppression of quasipar- 
ticle weight at (7r,0) observed by ARPES on SCOC and 
Ca2Cu02C l2 (CCOC), which is s i milar i n many respects 

2002a), cannot be ex- 



to SCOC (Ronning et al, 1998 



plained within the nearest-neighbor hopping t-J model. 
Better agreement with the experiment is obtained by in- 
cluding in the model longer range hopping terms. In this 
way, it is possible to reproduce also the doping depen- 
dence of the quasiparticle band stru cture and, in par - 
ticular, of the (7r,0) ARPES spectra ( |Eder et a/., 1997]) . 
However, the t-J model, even in its more extended form, 
cannot completely account for the strong momentum de- 
pendenc e of the ARPES spect ra from the undopcd in- 
sulator ( Eskes and Eder, 1996 ). In particular, although 
it predicts a decrease of intensity for the l owest energy 
peak upon crossing the AF zone boundary (Bulut et al. 



199-^1- Eskes and Edor, 1996), this is not as sharp 



perimentally observed in SCOC (see Fig.|16|a) or CCOC. 
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FIG. 19 (bottom) remnant-FS and FS defined by the analysis 
of n{k) for insulating CCOC (a) and overdoped Bi2212 (b). 
While the FS in Bi2212 is the isoenergetic contour located at 
Ef (middle right), the remnant-FS is away from Ef (because 
of the presence of the Mott gap), and a large d- wave- like dis- 
persion (300 meV) is found along its contour (middle left). 
The latter defines a d-wave gap for the insulator (top left), 
similar to the d-wave pse udo gap observed in th e underdoped 
regime (top right). After Ronning et al. (1998) [Color]. 



This limitation of the t-J model comes from having pro- 
jected out the doubly occupied states originally contained 
in the Hubbard model: whereas the momentum occupa- 
tion number n{k) is a strongly varying function of k in 
the intermediate-t/ Hubbard model at half filling, it is 
trivially equal to 1/2 in the t-J model which, therefore, 
cannot describe the anomalous distribution of spectral 
weight in the single particle spectral function. This ef- 
fect is accounted for by the complete large U-limit of 
the Hubbard model, as shown on the basis of finite size 



cluster calculations by Eskes and Edcr (1996), and was 
referred to by the same authors as a pseudo-FS. 

A detailed experimental characterization of the k- 
dependence of the ARPES spectral wei ght for the un 



al. 



doped insulator has been presented by Ronning et 
(1998), on the basis of the n{k) mapping obtained by in 



tegrating the ARPES spectra from CCOC over an energy 
window larger than the bandwidth. From the location of 



the steepest drops in n(k) (see Sec. |lLC| ) a remnant-FS 
was defined for CCOC, which closely follows the AF Bril- 
louin zone boundary (Fig. . Note that matrix element 
effects also infiuence the fc-dependence of the intensity 
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and a lter t he profile of the remnant-FS ( Haffner et al. _ 
200||, |2000D . However, the n[k) drop observed at the AF 
Brillouin zone boundary both in the experiment and in 
the numerical results appears to be a robust feature, de- 
spite some uncertainties which indeed seem to be caused 



by m atrix element effects (|Diirr et al, 200 f| ; polden et a 
200^; [Ronning et al., 2002a ). One has to realize that the 



remnant-FS is not a real FS (the system has a Mott gap) , 
but identifies the same locus of rapid intensity drop re- 
ferred to as a pseudo-FS by |Eskes and Eder (f996D . ft 
underscores the fact that the system was driven into the 
insulating state by strong electronic correlations. In ad- 
dition, it does not even correspond to an isoenergetic con- 
tour in the quasiparticle dispersion (Fig.|l^), simila rly t o 
the FS determined in the underdoped regime (Sec. VII ). 
The relevance of this approach is that, once a remnant- 
FS has been determined, it is also possible to identify 
a 'gap' along its contour (in addition to the Mott gap), 
and try to compare it to the hig h en ergy pseudogap of 
the underdoped systems (see Sec. VI] ). 



3. Superconducting Ca2-a;Naa;Cu02Cl2 

Although these materials are very difficult to dope up 
to the onset of superconductivity, recently doping depen- 
dent data from the (Sr/Ca)2Cu02Cl2 family have be- 
come available. Following earlie r succ es s on polycrys- 



1994, 1996), Kohsaka et al. 



talline samples ( Hiroi et 

(20Cjl|), by a flux method under a pressure of 4 GPa, 
have succeeded in growing superconducting single crys- 
tals of Ca2-2;Naa;Cu02Cl2 (with maximum Tc = 28 K 
at X = 0.15). This achievement has opened very excit- 
ing new opportunities in the systematic investigation of 
the cuprates: the oxychlorides together with the LSCO 
family represent the only materials in which the doping 
range corresponding to the metal-insulator transition can 
be accessed. Furthermore, since the best ARPES data 
from the insulator have been obtained on this family of 
compounds, this makes the direct comparison between 
data from the metal and the insulator more informative. 

Fig. ^ shows the energy distribution curves measured 
at 10 K with 25.5 eV photons on 10% Na-doped CCOC 
[Tc = 13 K), along the high symmetry directions. In 
going from (0,0) to (tTjTt), a broad feature disperses up 
to the Fermi level as indicated by the clear Fermi edge 
seen in the spectra near Ep (Fig. pO|b). After the band 
has crossed Ep, one can still follow a feature dispersing 
backwards (see tick-marks) in a fashion very similar to 
what is expected for the magnetic shadow bands due to 
spin fluctuations diverging at the AF zone boundary. 
In the same figure, the constant-energy or momentum 
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FIG. 20 (a,b) ARPES spectra from 10% Na-doped CCOC, 
taken at r=10K. (c) Intensity plot and (d) constant energy 
spectra from (b). (e) Second derivative with respect to the 
binding energy of the ARPES spectra from Na-fre e (color) 
and doped (grey) CCOC. After |Kohsaka et al. (200l|) [Color]. 
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distribution curves are also plotted (Fig. pO|d) . It appears 
that these cannot be fitted to a single Lorentzian but two 
Lorentzian peaks are needed. This is probably the most 
convincing case for the presence of shadow bands as in 
this system complications due to structural distortions 
are not present and, therefore, the origin of the effect 
is likely magnetic. Fig.^oje compares the dispersion of 
insulating CCOC and of the Na-doped superconductor: 
although in the insulator the top of the valence band is 
located ~ 0.7 eV below the chemical potential, there is 
a striking similarity in the dispersion of the two com- 
pounds. This suggests that upon doping the system the 
chemical potential shifts from inside the gap of the in- 
sulator to the top of the valence band near (7r/2,7r/2), 
which is also supported by the similarities between the 
(7r,0) ARPES spectra from Na-free and doped CCOC 
(Ronning et al., 2002b). Note also that, while according 
to band theory the dispersive feature in Fig.|20|a should 
reach Ep in going from (7r,0) to (7r,7r), an unambiguous 
Fermi crossing is not seen and near (7r,0) the band is 
~ 200 meV below Ep , a po int that will be discussed in 
greater details in Sec. VII. E| (pseudogap). 

The results from Na-doped CCOC are consistent with 
a shift of the chemical potential (as in Fig.[l^c) and are 
very suggestive of the two scenarios depicted in Fig. ^5|b 
or Fig.|l5|c, as emphasized in particular by the contour 
map of the low-lying excitations presented in Fig. pT[b. 
The task of conclusively distinguishing between the sce- 
narios of Fig. [lib and Fig.p^ is rather difficult. The key 
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4. Summary 



E-Ep (eV) 



FIG. 21 (a) ARPES spectra from 10% Na-doped CCOC near 
(7r/2,7r/2). (b) Integrated intensity (over 100 meV); the red 
dots indicate those moment a at which a sharp pe ak as been 
observed close to Ep- After Kohsaka et al. (2001) [Color]. 



point is whether or not a shadow FS is detected (marked 
by the dash Hnes in Fig.^c), whose presence is however 
not clear in the contour map of Fig. pT[b. This can ei- 
ther mean that the shadow FS is not present or simply 
too weak to be detected [the data in Fig. |2C|b-d show the 
presence of a shadow band that disperses away from the 
Fermi level when passing (7r/2,7r/2), but this is not clear 
at Ep]- Even more difficult would be, at this stage, to 
distinguish between the scenario of Fig. nSp in which the 
FS pockets are not exactly centered at (7r/2,7r/2), and 
the simplest antiferromagnetic/spin-density wave picture 
[see, e.g., Fulde (1995| )], in which the excitation spectrum 
is symmetric with respect to the AF zone boundary (as 
in Brillouin zone sketch shown in Fig. 21). 



A more detailed analysis of the ARPES spectra 
along the nodal direct ion reveals additional information 
( Kohsaka et al., 2001 ). As shown in Fig. ^ the energy 
distribution curves near the Fermi energy actually con- 
sist of two components: a broader component at higher 
binding energy that appears to disperse backwards past 
(7r/2,7r/2) defining the shadow band, and a sharp (al- 
though weak) component that crosses the Fermi level (its 
fc-space location is indicated by the red dots in Fig. ^l[b) . 
Note that the sharper low-energy peak is not directly re- 
lated to superconductivity as it is seen in the 20 K data 
of Fig.jl^ {Tc — 13 K) and, as a matter o f fact, was still 



present at temperature as high as 75 K (Ronning et a 
200@. On the one hand, these two components may be 
thought of as the coherent and inco heren t parts of the 
spectral function, as discussed in Sec. II. C . On the other 
hand, these results may also indicate that the doping evo- 
lution cannot be fully accounted for in terms of a rigid 
shift of the chemical potential. 



It must be stressed that so far only 10% Na-doped 
samples were studied (Kohsaka et al., 2001). Whether 
the relatively simple behavior (i.e., 'rigid-band' like) seen 
for Na-doped CCOC remains true at lower dopings (near 
the metal-insulator transition boundary) is still an open 
question, and is of particular relevance to those theories 
which lead to d-wave superconductivity starting from a 
rigid band picture [see, e.g., Dagotto et al. (1995| )]. As 
we will see in the next section, at first glance the physi- 
cal picture emerging from LSCO is quite different and is 
more consistent with the scenario in which at low doping 
levels new states are created inside the gap (Fig.pb). 
This could be naturally understood if the system be- 
comes inhomogeneous at intermediate dopings: in fact 
two electronic components are observed in LSCO in the 
underdoped region (5-10%), and only one in the over- 
doped regime. However, without data from the very un- 
derdoped regime one may also interpret the LSCO dop- 
ing evolution in terms of a quasi-rigid band shift with 
some modifications near the (7r,0) region. Therefore, un- 
til more data on Na-CCOC are available, one cannot con- 
clude whether or not the difference with LSCO is of qual- 
itative or quantitative nature. 



B. La2-a;SriCu04 



In order to study the doping evolution of the low- 
energy electronic properties over the full doping range 
the most suitable system is La2-a;Sr2;Cu04 (LSCO). The 
hole concentration in the Cu02 plane can be controlled 
and determined by the Sr content x, from the undoped in- 
sulator {x — Q) to the heavily overdoped metal (x~0.35). 
In addition, LSCO has a simple crystal structure with 
a single Cu02 layer (Fig. 11), and none of the compli- 
catio ns du e to superstructure which are found in Bi2212 
(Sec. [V.C). Another interesting aspect is the suppression 
of Tc at a; = 1/8 which, together with the incommensu- 
rate AF lo ng-range order obser ved by inelastic neutron 
scattering ( Suzuki et al, 1998|) , has been discussed as 
evidence for fluctuating stripes in LSCO [similar AF or- 
der accompanied by charge ordering was interpreted as 
a realization of 'static s tripes' in Lai.48Ndo.4Sro.i2Cu04 
( Tranquada et al, 1995 )]. 



1. Metal-insulator transition 



We start our discussion with data from a: = 0.22 over- 



doped LSCO (Yoshida et al., 2001). Because many-body 
effects such as charge ordering are expected to be weak 
in the overdoped regime, the results from this sample can 
be used to test the overall reliability of the ARPES data 
from LSCO. Fig.^ presents ARPES spectra from two 
Brillouin zones taken with 55.5 eV photons under dif- 
ferent polarization conditions (while in geometry II the 
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electric field was fixed and almost parallel to the sample 
surface, in geometry I it had only a small in-plane compo- 
nent which increases at larger momenta) . It appears that 
the spectra from this overdoped sample are very sharp, 
contrary to the typical data from underdoped LSCO that 
we will discuss later. Indeed the sharpness of the spectra 
from the second zone is comparable to that observed in 
Bi2212, at similar doping. Fig.^h andp2| present the 
spectral intensity integrated over a 30 meV energy win- 
dow at Ep. In general, the Ep intensity map derived 
from high resolution data gives a good evaluation of the 
FS, provided that matrix clement effects are carefully 
considered (see Sec. [I.C] and lI.E). Yoshida et al. (2001) 
have attempted to account for the photoionization cross 
section effects for LSCO by varying the experimental ge- 
ometry and by performing simulations of the spectral 
weight distribution, which qualitatively reproduce some 
of the variation observed in different geometries. From 
the comparison (Fig. ^2|h) between the experimental Ep 
intensity maps and the FSs obtained from a tig ht-binding 



fit to t he data and from LD A calculations ( Xu et 



198|), [Yoshida et al. (2001D concluded that the FS of 



oveiidoped LSCO coiiriiriiti of an elecii'oii pocket ceiitci'cd 
at (0,0), ill agi'eemenL wlLh band-yLi'ucLure calculaLluiiy. 
These results, namely the observation of sharp spectral 
features and an LDA- like FS, as well as the fact that low 
energy electron diffraction investigations do not detect 
any evidence of surface reconstruction, give strong cre- 
dence to the ARPES data from the LSCO system. Since 
the quality of the LSCO single crystals improves upon 
decreasing doping x, these data suggest that the broad 
spectral features observed in underdoped LSCO are of 
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FIG. 22 (a-f) Lai.78Sro.22Cu04 ARPES spectra, measured at 
20 K with 55.5 eV photons in two different experimental ge- 
ometries. The cut orientation in fc-space and field polarization 
are indicated in (g,i) together with the electronhke FS. (h,j) 
Ep intensity map (30 meV integration window). White and 
black curves are the fc^ = and n/c FSs from band calculations 



(Ku et at, 1987), and red curves the FS fr om a tight-binding 
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FIG. 23 ARPES data from LSCO for different dopings at 
(7r,0) and (7r/2,7r/2). The spectra were normalized to the 
integrated intensity of the valence bands, and at (tt/2.tt/2) 
were multiplied by a factor of two ( Ino et al, 2000 ). 



intrinsic nature. 

Let us then move to the low doping region, near the 
metal-insulator transition boundary. Fig.ES presents 
ARPES sp ectra at (7r,0) a nd (7r/2,7r/2) as a function 
of doping (Ino et ai, 200C). The data were recorded 



under identical experimental geometry so that the pho- 
toionization matrix elements are the same. For the in- 
sulating samples {x = 0), the data are characterized by 
a high binding energy feature [~ 0.5 eV at (7r/2,7r/2), 
and ~0.7 eV at (7r,0)], and are consistent with wh at we 
have discuss ed in Sec.|IV.A for insulating SCOC ( pK^im 
et ai, 199g; Wells et ai, 1995), albeit the features are 



fit of the data. After Voshida et al. (2001) [Color] 



now broader. The remarkable result is that for a: = 0.05 
two features can be identified in the ARPES spectra at 
the (7r,0) point (some additional weight at low energy is 
already observable for a; = 0.3): in addition to the high- 
energy one, reminiscent of the Zhang-Rice singlet band 
of the AF insulator, a second shoulder is observable close 
to Ep. Upon further doping the system with holes, a sys- 
tematic transfer of spectral weight from the high to the 
low-energy feature takes place, and a well-defined quasi- 
particle peak develops near optimal doping. On the other 
hand, the results obtained at (7r/2,7r/2) are very differ- 
ent: first of all, the data show an overall suppression 
of weight as compared to (7r,0) [the spectra plotted in 
Fig. ^ for (7r/2,7r/2) have been multiplied by a factor of 
2]; second, in the nodal region [i.e., along (0,0)-(7r,7r)], a 
quasiparticle peak is observable only for a; > 0.15. As we 
will discuss later, with different experimental geometries 
more spectral weight is detected near Ep in the nodal 
region, but the overall trend of the doping dependence of 
the electronic structure is robust. 

The dispersion of the LSCO spectral features for differ- 
ent doping levels is summarized in Fig. which presents 
the second derivative with respect to t he binding energy 
of the ARPES spectra ( Ino et ai, 2000 ). Upon increasing 
doping, we can observe the building of ncav-Ep weight 
first at (7r,0), and then at (7r/2,7r/2). One can clearly 
observe the presence of the flat-band saddle point ex- 
tensively discussed in the literature. Furthermore, the 
second derivative emphasizes the presence of the high- 
energy feature in the heavily underdoped samples (co- 
existing with the low-energy one, at least for 2: = 0.05). 
This has a 200 meV lower energy at (7r/2,7r/2) than at 
(7r,0), in qualitative agreement with what is observed in 
the undoped insulator SCOC ( [Wells et al, 1995| ). 



The ARPES results from LSCO, and in particular the 
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presence of two electronic components, suggest that the 
effects of doping on the electronic structure of the cor- 
related insulator cannot be accounted for by a simple 



shift of the Fermi level in a rigid band model ( Ino et 
200(|). This is in agreement with another observation by 
Ino et al. (1997 ): from the analysis of direct and inverse 



angle-integrated photoemission spectra, it was concluded 
that the chemical potential ^ is pinned inside the charge- 
transfer gap for X < 0.10, and starts shifting downwards 
significantly only for x > 0.15. The above results seem 
to indicate that, in the case of LSCO, in-gap states are 
created upon doping the insulator (Fig.jljb). 



2. Nano-scale phase separation 



Ino et al. (2000) suggested that the ARPES results 
from LSCO may be understood within the stripe picture, 
which is a particular form of nano-scale phase separation. 
This would explain the pinning of the chemical potential 
for X < 0.125 (i.e., the so called 1/8 doping) as a con- 
sequence of the segregation of doped holes into metallic 
domain walls, which gives rise to the appearance of in-gap 
states. Furthermore, the suppression of nodal intensity at 
Ep would be consistent with the vertical and horizontal 
orientation of the metallic stripes (orthogonal domains 
are expected for this nano-scale phase separation). Here 
the conjecture is that charge fluctuations would be sup- 
pressed along directions crossing the stripes, and is sup- 



porte d by finite-size cluster calculations ( Tohyama et a 
1999). The increase of Ep weight for x> 1 /8 in the nodal 



region may indicate that above this doping level the holes 
overflow from the saturated stripes into the Cu02 planes. 

Concerning the relevancy of the stripe scenario to the 
ARPES data from the HTSCs, more insights could come 
from the investigation of Nd-LSCO, a model compound 
for which the evi dence of spin and charge stripe-ordering 
is the strongest ( Tranquada et ai, 1995 ). High resolu- 
tion ARP ES data from La i.28Ndo.6Sro.i2Cu04 were re- 
ported by Zhou et al. (1999| ). Remarkably, the low-energy 
spectral weight is mostly concentrated in narrow and 
straight regions along the (0,0)-(7r,0) and (0,0)-(0,7r) di- 
rections and is conflned between lines crossing the axes 
at ±7r/4. These straight patches of high intensity are 
suggestive of almo st perfectly nested ID FS segments. 
Zhou et al. (1999) interpreted these results as a signa- 
ture of a ID electronic structure related to the presence 
of static 1 / 4-filled charge stripe s which, as indicated b y 
neutron and x-ray experiments ( Tranquada et ai, 1995 ), 
at 1/8 doping are separated by AF regions resulting in a 
pattern with periodicity 4a (and characterized by macro- 
scopic orthogonal domains). This interpretation would 
also explain the origin of the two components seen in 
the ARPES spectra from LSCO near the metal-insulator 
transition boundary (Fig. ^3|): the signal from the AF 
insulating regions would be pushed to high binding en- 
ergies because of the Mott gap, while the charge stripes 
would be responsible for the component near Ep. In 



t his sense, the stri pe interpretation is rather appealing 
( Markiewicz, 2000 ). On the other hand, there are some 
aspects which cannot be satisfactorily explained within 
the idealized stripe pictur e. For example, in both LSCO 
(Fig.|§ and Nd-LSCO ( [Zhou et aL,T999| ), the quasi- 
particle bands along the (0,0)-(7r,0) and (0,0)-(0,7r) direc- 
tions are characterized by a considerably fast dispersion. 
This is counter to what one would expect for an ideal 
ID system even in presence of orthogonal domains, as 
the electronic dispersion should be observed only within 
and perpendicularly to each of the two superimpo sed ID 
FSs [for more on this point see Zhou et al. (1999| )]. Fur- 
thermore, also possible artifacts due to matrix element 
effects have to be cautiously considered when interpret- 
ing the ARPES data and espe cially mo dulat ions of the 
integrated spectral weight (Sec. II. C and II. D). 

In order to gain more insight into these issues, in par- 
ticular in relation to the straight segments of FS observed 
in Nd-LSCO and to the suppression of the nodal state, 
Zhou et al. (2001 ) extended the measurements to the sec- 
ond zone, and used different polarizations and orienta- 
tions of the incoming electric field. Fig. ^ presents data 
from 15% doped LSCO and Nd-LSCO recorded in the 
same geometry as the data of Fig.|^ from 22% doped 
LSCO. These results confirm the presence of the flat 
bands in extended regions around (7r,0) and (0,7r). On 
the other hand, in the second zone appreciable spectral 
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FIG. 24 Second derivative, with respect to the binding en 
ergy, of the ARPES spectra from LSCO along the high - 
symmetry directions for many doping levels ( [no et al. , 2000 ) 
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FIG. 25 (a,b) Intensity maps obtained by integrating 
meV at Ef the ARPES spectra from a; = 0.15 Nd-LSC(|) 
LSCO, respectively, and (c,d) corresponding four-fold 
metrization of the first-zone data. White arrows indicai 
field polarization. Other maps: (e) cartoon of the e: 
mental results; calculations for (f) orthogonal d omains c 
ordered or fluctuating stripes [as in Fig.[l5|d; ^alkola 
( 199p|)], and (g) site -centere d and (h) bond-ce ntered s 



et al. 



( ^acher et a/., 2000cj ). After [Zhou et al. (200l| ) [Color], 



weight at the Fermi level is detected in the nodal re 
which appears to become more intense upon incre 
the Sr concentration in both Nd-LSCO and LSCO 
stronger in Nd-free LSCO for a given Sr content (Fig 
This nodal weight was not found in the ea rlier stu 
12% doped Nd-LSCO ([Zhou et al, 1999D, and 



gion, 
ising 
£ nd is 



li 



expected in calculations considering only rig id 
( llchioka and Machida, 1999| ; [Markiewicz, 200q ). 

Possible descriptions of these results within the s 
context are summarized in Fig.|25|c-h where the low- 
spectral weight from LSCO (c) and Nd-LSCO (d) is 
pared to the results of model calculations. First 
perimental FS composed of straight patches at (7r,0 
(0,7r) connected by 'nodal segments' (as emphasiz 
the sketch of Fig.ESe) closely resembles the one 



fly of 

not 
es 



st rip' 



the 



( i al. 



from disorder or fluctuation of the stripes (Salkola 
199(|), which was sketched in Fig.|l^ and is here exactly 
reproduced in Fig.pqf. Alternatively, the experi 



tal FS may result from the coexistence of site-cen 
(Fi g. ^5^) an d bond-centered (Fig. p5|h) stripes (Z icher 
et al., 2000a). Both scenarios, as well as more r 



calculations perfor med for various inh omogeneous 

suggest that 



els for the cuprates (Eroles et al., 2001 



stripe picture catches the essence of the low-lying 
for the LSCO system. This is also indicated by dyi 
cal mean- field theory results, which are characterized 
a uBai-Ep ID dispersive band and a high-en ergy incpher- 



ent feature in the very underdoped regime (Fleck 
200(|) , as well as by numerical studies of the spin-fer mion 
model, which indicate that both stripe- induced midgap 
states and valence band states contribute to the FS 
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aghebi et al, 2001 
components detect' 



), consistent with the two electronic 
;d by ARPES on LSCO. 



3. From hole to elect 



that 



It was noted 
in momentum spa( 
necessarily imply w 
particular, is not 



(lOrgad et al, 200 



like the ID elect: 
tion curves are 
Ep momentum dis 
might be very shar ) 
constraints. Anywj 
exhibit a FS-like 
investigate its 
so, one must bear 
ferred to in a loose 
space location 
defined peak in enc)r 
some kind of band 
ARPES spectra 
dope d {x — 0.3) 
Although 



1999) 



the presence of a sharp structure 
:e such as a FS-like feature does not 
ell defined one-electron states and, in 
i ^compatible with the stripe scenario 
For instance in a non FL system 
gas, in which the energy distribu- 
typically completely incoherent, the near- 
ribution curves (as defined in Fig.0) 
because of more stringent kinematic 
,y, given that the striped system does 
feature (Fig.^^, it is still meaningful to 
evolution as a function of doping. In doing 
1 mind that the FS concept is here re- 
manner: it identifies the momentum- 
wheile a very broad feature (and not a well 
gy) crosses Ep, after having defined 
dispersion. 

for underdoped (a; = 0.1) and over- 
L3C0 are shown in Fig.^ 



tbe 



doped samples tent . 
be related to charge 
crossings are 
cially in overdoped 
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FIG. 26 (a-d) ARPK 
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spectral features from the under- 
to be broad, which as discussed may 
inhomogeneity, some clear Fermi 
obser\table in part of the Brillouin zone espe- 
samples. For x — Q.l, along the direc- 



ped) 



X = 0.3 (Heavily Overdoped) - 
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spectra for underdoped (2; = 0.1) and 
a:: = 0.3) LSCO. Ins ets: measured k - 
dent light polarization (Ino et al., 1999). 
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tion (0,0)-(7r,0)-(27r,0) at 29 eV photon energy (Fi, 
a broad quasiparticle peak emerges from the bacli 
disperses towards Ep without crossing it, and 
back in the second Brillouin zone. Similar ri 
obtained at 22.4 eV (Fig.^b), the only diffcren 
a decrease of intensity in the first Brillouin zon(! 
mat rix elem ent effects specific to this photon ene 
et al, 1999). Along (7r,0)-(7r,7r) the quasiparticle 



ig-|2§i), 

ground, 
n pulls 
are 
;e being 
due to 



with maximum binding energy at (7r,0), dispersei; 
up to Ep^ loses intensity, and disappears (Fig 
leading-edge midpoint never reaches Ep becausa 
superconducting gap (~ 8 meV) opened along tl 
this temperature (as clearly shown in Fig. |66| ) 
ing Campuzano et al. (1996), the underlying Fp cross- 
ing is thus identified by the locus of the 
and is located at (7r,0.27r). Along the nodal 
no clear peak can be identified (Fig.p6|c), as 
above. However, hav ing detected a band belo"V' 

=0.: 



(tTjO), [no et al. (199E ) concluded that for x 
of LSCO is holclike in character and centered 
By comparing the spectra from heavily overi 
underdoped LSCO (Fig.^G^D andp6|a), we see a 
difference: for x = 0.3 the quasiparticle peak al 
cut has almost disappeared at (7r,0). The dec 
intensity, together with a leading-edge midpoint 
above Ep, provides evidence for the quasiparti 
crossing Ep just before (7r,0). The FS thus det 
for heavily overdoped LSCO is electronlike and 
at (0,0), in agreement with what discussed in 
Fig. E2. Careful investigations by [no et 



at 



rclat: 



cated that the FS changes from holelike to electronlike 
for a; ~ 0.15-0.2 as the saddle point moves from Ipelow to 
above Ep, consistent with LDA calculations. 



4. Summary 

In summary, what has emerged from the study 
LSCO system is a very complex and intriguing 
characterized by some contrasting aspects: neithe r 
pie stripe model, nor any of the other models 
in Fig. |l5| can provide a satisfactory explanatior 
complete body of available data. As we have di 
the stripe picture, when disorder /fluctuations 
istic charge disproportionation are considered, 
advantage of qualitatively explaining the data 
entire doping range, including the presence of 
tronic components, the straight FS segments, 
lack of a chemical potential shift in the very und 



regi ne. On the other hand, on a more quantitatiTO level, 1993). The 



there are still many open questions. In particular, in eral additional 

order to gain more reliable insights, the role of matrix el- mary elect: 

ement effects on the ARPES data should be inve stigated give rise to 

in more detail. In fact, ab initio calculations of matrix el- vector (tt tt 

ements are still unavailable for LSCO, and tight binding see Fig.pTj.' 

fits do not reproduce the results to a satisfactorj degree. ing of the 

As a last remark, it should be mentioned that ;he very mirror plane 

underdoped regime was very recently studied by Yoshida ing we will 
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The two-component electronic structure 
atlove was observed also for these samples, hint- 
a tendency towards nano-scale phase sepa- 
Ho^l/ever, the low-energy component (i.e., from 
region) defines a FS arc reminiscent of an 
ng gapped in the (7r,0) region. Despite this 
lore conventional behavior, one should not 
nany-body description for LSCO because a 
picture cannot explain the basic observation 
coihponent low-energy electronic structure. 
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ding with the comparative study of the 
psrconductors, let us now turn our attention 
usOs+i (Bi2212) which is the HTSC most 
nvestigated by ARPES thanks to the avail- 
xge high-quality single crystals and to the 
a natural cleavage plane between the BiO 
specially to the richness of information that 
obtained by ARPES both in the normal and su- 
state. Due to sample quality issues most 
2 experiments were carried out near optimal 
there is very limited or almost no informa- 
lectronic structure near the metal-insulator 
b[3undary. Here we concentrate on cases with 
10% or higher. Therefore, we cannot an- 
ions of whether the two-component elec- 
struclture observed in LSCO for 5-7% doping is 
in the Bi2212 case, or how the metallic state 
he latter system. Core level spectroscopy re- 
er, suggest a behavior intermediate between 
on LS CO and the simple l inear shift of the 
pojtential (Harima et al., 2002). 



qu estii 



g we will illustrate the normal state elec- 
rties of Bi2212 focusing in particular on the 
, a topic which has been plagued by an in- 
since the very beginning of its inves- 
re main reason for this can be identified in 
ity of the electronic structure in the (7r,0) 
space, which is where the quasipar- 
as determined by ARPES is weakly mo- 
giving rise to the so ca l led flat bands 



it at, 1993; Dessau et al., 1993; Gofron et al. 



complications arise from the detection of sev- 
features besides those related to the pri- 
ri|)nic structure. Firstly, shadow bands, which 
, replica of the main FS shifted by the wave 
in the 2D Brillouin zone jAebi et al. (1994] ); 
|, and ^ . These correspond to the backfold- 
ain electronic structure with respect to the 
s perpendicular to V-X or T-Y (in the foUow- 
iiake use of the momentum space notations 
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FIG. 27 (a) Integrated intensity map (10 meV window cen- 
tered at Ef) obtained for Bi2212 at 300 K with 21.2 eV pho- 
tons (Hel line). (b,c) Sketch emphasizing the superposition 
of the main FS (thick lines) and of its (tTjTt) translation (thin 
lin es) due to the backfold ed shad ow bands, (d) FS calculated 
by [Massidda et al. (198^ . After |Aebi et o/. (1994| ). 



defined for Bi2212 in Fig. O) . After the early explanation 



by Aebi et al. (1994) in terms of short-range and dynamic 
AF c orrelations resulting in a (\/2 x \/2)R45° superstruc- 
ture ( [Kampf and Schrieffer, 1990b| ), several alternatives 
have been proposed.^' These include a structural ori- 
gin reflecting the presence of two inequivalent Cu sites 
per Cu02 plane in the face-centered orthorhomb ic unit 
cell ( |Ding et al, 1996a| ; |Singh and Pickett, 199'^ ), but a 
possible although not yet well-def ined link to supercon - 
ductivity has also been proposed: Kordyuk et al. (2002| ) 
observed that the intensity of the shadow bands shows a 
correlation with Tc, as a function of doping. However, no 
conclusive picture has been reached so far. 

The second additional feature are the umklapp hands, 
which are commonly referred to as originating from the 
diffraction of the photoelectrons off the superstructure 
present in the BiO layers, but should rather be consid- 
ered as a modification of the intrinsic in-plane electronic 
structure due to the incommensur ate distortion of the ap- 
proximate tet ragonal symmetry ( Aebi et al., 1995; Ding 
et a l., 1996a ; Osterwalder et al., 1995; Bchwaller et al., 
1995 1)^ This distortion is characterized by a periodicity 
of 27 A along the b axis and results in a unit cell approx- 
imately five times larger along this direction (Withers 



7 


^1 


a.krava.rtv e.t al. ( 1 995 


\ Ding e.t al (^mf^^^ 


); 


Haas e.tnl. (-19951; 




<( 


rdyuk et al. (2003): 


Salkola et al. (1996 


); 


Singh and Pickett 




195); sec also Lynch and Olson (1999|), pg. 248. 



et al., 1988; Yamamoto et al., 199C). This gives rise to 
two umklapp replicas of the FS shifted by ±(0.2l7r, 0.2l7r) 
as shown in Fig.psja,^, and^, and even to higher or- 
der ones shifted by ±(0.427r, 427r) and labelled UB2 i n 
Fig.pk (iFretwell et a)., 2000|; psterwalder et al, 1995|). 



The last complications come from the so-called bilayer 
band splitting, namely the splitting of the Cu02 plane 
derived electronic structure in bonding (BB) and anti- 
bonding (AB) bands due to the presence of Cu02 bilayer 
blocks in the unit cell of Bi2212. On the basis of symme- 
try arguments the splitting is expected to be maximum 
at (7r,0), while it vanishes along the (0,0)-(7r,7r) d irection 
( Andersen et al, 1995| ; Chakravarty et al, 1993| ). As a 
result, around (7r,0) two main bands, two shadow bands, 
and four umklapp bands cross the Fermi level. 

Fig. p7| re produces the FS data and analysis by Aebi 



et al (1994) for near optimally doped Bi2212. Panel (a) 
shows a plot of the spectral weight integrated within an 
energy window of 10 meV near the Fermi level (data were 
taken with an energy resolution of 30-40 meV). This is 
the first time that a detailed momentum-space Ep map 
has been carried out on cuprate superconductors. The 
authors concluded that the FS is a hole like piece, as indi- 
cated by the thick lines in Fig.|2^. The complications in 
the intensity map stem from the superposition of shadow 
FSs that are offset from the main FS by {tt,tt) , as shown 



in Fig.|27|c and discussed above. Aebi et al. (1994) also 
concluded that there are no BiO FS pockets, which had 
been predicted on the basis of band structure calculations 



as shown in Fig. p7|d (Massidda et al, 198i). As a matter 




FIG. 28 Bi2212 (rc = 87K) FS (a) and dispersion (b) mea- 
sured in the normal state at 95 K (the various symbols denote 
different polarizations conditions). Thick lines are the result 
of a tight binding fit of the main band dispersion. Thin and 
dashed lines represent umklapp and sha dow bands, respec - 
tively. The inset shows a blowup of T-X (Ding et al, 1996a). 
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FIG. 29 (a) Co mparison between integrated intensity map 



[50 r noV at Ef; 3aini ct al. (1007 )] and FS croDDingD (white 



rirrlbc:^ rlptm-iTiini^rl hy gpirgral mntlinHg frnm .'^.'^ pV Hata nn 



slightly overdoped Bi2212. Thick and thin black lines indicate 
t he main electronlike F S and its umklapp replicas, respectively 
(□huang et al, 1999). (b) Normal state Ep intensity map 



for Bi2212 obtained with 21.2 eV photons by normalizing the 
ARPES spectra with respect to the total integrated intensity. 
Main and shadow FSs are indicated by thick black and red 
lines; first a nd second-order umkla vv FSs by thin and dashed 
black lines (Borisenko et al., 200C) [Color]. 



of fact, one additional problem with Bi2212 is that there 
are no reliable band calculations: all theoretical results 
predict a BiO FS that ha s not been con vincingly observed 
( |Shcn and Dessau, 1995| ) . The work by \kehi et al. (1994| ) 
also represents the beginning of a very different approach 
in the field: instead of analyzing the data in terms of en- 
ergy scans at fixed mome nta or energy distri bution curves 
(EDCs) as usually done, Aebi et al. (1994) for the first 
time made use of momentum scans at fixed energy or an- 
gular distribution curves [nowadays more commonly re- 
ferred to as momentum distribution curves (MDCs) after 
Valla et al. (1999b| ) who used this approach to extract 
self-ener gy co rrections from the ARPES data; see Fig.|^ 
and Sec.^Il|. In a series of papers, Aebi, Osterwalder, 
and coworkers used this approach to identify the super- 
structure periodicity, and the intensity and dispersion of 



et a 



main and shadow bands (Aebi et al., 1994; Osterwalder 
19951; iSchwaller et al, 19951). 



The results by Aebi et al. (1994|) a re different from 
the early work by Dessau et al. (1993), which indicated 
another main FS crossing in the (7r,0) region: the de- 
tection of two pieces of FS, one electronlike and the 
other holelike, was interpreted as a signature of bonding- 
antibonding splitting in a bilayer system due to the pres- 
ence of two Cu02 planes per unit cell ( Dessau et al.. 
199v|}. Subsequently, in a set of two papers Ding et al 
(19!! 6a, 1997 ) argued against the bilayer splitting [a re- 



sult which was taken as key supporting evidence for the 
inter-layer tunnelling mechanism for high temperature 
superconductivity (Anderson, 1995, 1997, 1998)], and in 
favor of a FS characterized by a simple holelike barrel. 
They attributed the additional FS crossing identified by 
Dessau et al. (1993) along the (0,0)-(7r,0) line to compli- 
cations arising from the presence of a superstructure in 



the BiO layers (i.e., umklapp bands), as shown in Fig.|2^. 
In particular, main and umklapp bands were identified in 
the complicated (7r,0) region on the basis of their differ- 
ent polarization dependence. In contrast with the case 
of LSCO where a crossover from a hole to clcctronlike 



FS is observed near optimal doping ([no et al., 1999 



2002), Ding et al. (1997) suggested that a single hole- 
like sheet of FS is characteristic of all the studied doping 
levels. In addition, no shadow band was detected for the 
underdoped sample (Tc = 15 K), which was taken as evi- 
dence to rule out the FS pocket idea presented in Fig. p^ , 
and also the explanations in terms of AF correlations for 
the shadow b ands observed near optimal doping by Aebi 
et al. (199^ ). However, the ARPES spectra from the 



Tc = 15 K underdoped Bi2212 sample are characterized 
by a very broad lineshape indicating strong many-body 
effects on the spectral function which, as a consequence, 
is completely incoherent. The FS extracted from those 
data should be cautiously considered, in particular as far 
as the lack of bilayer splitting and of the FS pockets (or 
shadow band) is concerned. 

After the initial debate, an agreement has been reached 
concerning the absence of the BiO pockets predicted for 
Bi2212 by band structure calculations. Furthermore, the 
general consensus was in favor of a holelike FS centered 
at (7r,7r) from under to overdoped samples {Tc between 
15 and 67 K), with a volume consistent with the elec- 
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FIG. 30 (a) Intensity I{k,uj) and (b) corresponding ARPES 
spectra from optimally doped Bi2212 (Tc = 90 K) taken along 
T-Y with 33 eV photons at 40 K. MB, UB, UB(2), and SB 
refer to main, umklapp, second-order umklapp, and shadow 
bands, respectively, (c) Integrated intensity map (zHOO meV 
at Ef) together with holelike MB (black), UB (blue/red), 
UB(2) fdashe d blue /red) FSs obta ined from a tight-binding 
fit of the data ( Fretwell et al, 2000 ). (d) Same as (c) but with 
in addition electronli ke MB and UB FSs indicated by white 
thin and thick lines (Gromko et at, 2000) [Color]. 
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FIG. 31 (a) Intensity map at 12meV binding energy from 
overdoped Bi2212, obtained with 22 eV pho tons at 20 K with 



the superconducting gap already opened (Bogdanov et al. 
2001). (b) First- principles simulation for t he same experi- 



mental geometry (Bansil and Lindroos, 1999) [Color 



tron density in accordance with the Luttinger's theorem 
(Luttinger, 1960). Recently, however, other reports ques- 
tioned this simple picture arguing that this may not be 
a complete characterization of the low-lying excitations 
in Bi2212 ([Bogdanov et al, 200l|; [Chua ng et al, 1999 



Feng et al, 1999| ; [Gromko et al, 200C| ). These stud 



ies revealed a pronounced photon energy dependence of 
the low-energy spectral weight in the (7r,0) region and 
suggested an electr onlike FS centered a t the F-point as 



shown in Fig.[29|a ( Chuang et al, 1999| ; Gromko et 



200(|); or alternatively two co-existing electr onic compo- 



nents resulting in electron and holelike FSs ( Feng et 
199i |), simil ar to what originally proposed by Dessau 
et a ^. (1993 ). These suggestions were opposed by other 
groups which claimed that only a universal holelike FS is 
supported by the ARPES data once the effects of the pho- 
ton energy dependence of the mat rix elements in the (7r,0) 



regio n are taken into account (Boriscnko et al, 2000 



2001 



Fretwell et 



2000 



Mcsot et al, 2001b|) . As a 



matter of fact, first- principles simulations of the ARPES 
spectra performed within the one-step model, for an ide- 
alized tetragonal Bi2212 structure (i.e, no superstructure 
modulation), indicate a strong non-trivial dependence of 
the low-energy ARPES intensity on photoelectron mo- 
ment um, and energy/polarizati on of the incident pho- 
tons (Bansil and Lindroos, 1999). Therefore, photoemis- 
sion matrix elements may largely dominate the momen- 
tum dependence of the ARPES intensity and should be 
taken into account, especially when attempting to esti- 
mate the momentum distribution function n{k) from the 
integrated photoemission intensity (see also Sec. II. C). 



O wing to the superior momentum resolution, the com- 
plexity of the ARPES results from Bi2212 is beauti- 
fully shown by the new generation of photoemission data 
(Fig. pg^D and|30|). In particular along T-Y all the fea- 
tures characterizing the ARPES spectra from Bi2212 can 
be unambiguously identified in the energy distribution 
curves, as it is along this direction that the different 
bands are more clearly separated (see Fig. 30 a,, b, where 



the dispersive bands are labelled as indicated in the cap- 
tion). However, because of the superposition of several 



contributions and especially because of matrix element 
effects, not even the most detailed intensity maps are very 
clear around (7r,0), as shown in Fig.|2^, and in particular 
in Fig. ^o|c,d where holelike and electronlike scenarios are 
compared with respect to the same set of data. In turn, 
any interpretation necessarily rests on the extrapolation 
of results obtained away from this region. 

Very recently it became evident that one of the key in- 
gredients in the debate upon the FS topology of Bi2212 is 
actually the unresolved bilayer splitting of the in-plane 
electronic structure. In this regard, as it will be dis- 
cussed in greater detail in the next section, an essential 
piece of information comes from ARPES data obtained 
with improved angular resolution in the very overdoped 
regime: two FS sheets are resolved, which originate from 
the bonding-antibonding splitting of the in-plane elec- 
tronic structure caused by the interaction bet ween the 
layers (Chuang et al, 2001a; Feng et al, 2001). In this 
context, the cleanest experimental results have been ob- 
tained on very overdoped Pb-Bi2212 (Tc = 70 K) , in which 
Pb substitutes into the BiO planes suppressing the super- 
structure and in turn th e intensity of the umklapp bands 
( Bogdanov et al, 2001 ). As shown in Fig.^, where the 
A RPES data are compared to t he theoretical simulations 
by Bansil and Lindroos (1999) for the same experimen- 
tal geometry, two different sheets of Fermi surface are 
clearly resolved. With respect to the r= (0, 0) point, the 
outer sheet is the bonding FS while the inner piece is the 
antibonding one. The bonding pocket is holelike, simi- 
lar to what was reported many times before for Bi2212. 
The antibonding FS, on the other hand, has its van Hove 
singularity near (7r,0) and is thus very close to the hole- 
like/electronlike boundary. Therefore, the experiments 
indicating a single holelike or electronlike FS in Bi2212 
might simply be more sensitive to the bonding or anti- 
bonding sheet, respectively, as a consequence of sample 
doping and/or experimental conditions (such as the po- 
larization and the energy of the incident photons). 



2. Bilayer band splitting 

Independently of the controversy on the FS of Bi2212, 
whether the electronic structure of the cuprates can be 
influenced by the interaction between the Cu02 planes 
has been an issue of interest for a long time, as one 
of the proposed mechanisms for high-temperature super- 



conductivity is via interlayer pair tunnelling (Anderson 
1997 ; Chakravarty et al, 1993 ). Within this model, inter- 



layer hopping is suppressed because of correlations and 
only electron pairs can tunnel between the planes: coher- 
ent pair-tunnelling will drive the system into the super- 
conducting state via the lowering of kinetic energy per- 
pendicular to the planes. As discussed above, an early 
ARPES s tudy on Bi2212 cl aimed the absence of bilayer 
splitting (Ding et al, 1996a). This report attracted much 
interest as it provided a crucial support for the interlayer 
tunnelling model, although with hindsight the momen- 
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turn resolution was not sufficient to conclusively address 
this issue. Recently, new ARPES data suggested that 
the bilayer splitting can be detected for overdoped Bi2212 
with the i mproved angular resolution of the Scic nta spec- 
trometer (Chuang et ai, 2001a; Feng et ai, 2001). Below, 



we will discuss this issue in more detail. As for the inter- 
layer tunnelling model, it has to be mentioned that strong 
evidence against it was reported on the basis of direct 
imaging of magnetic flux vort ices by scanning SQUID 
microscopy (Moler et ai, 1998), and by optical measure- 
ments on Tl2Ba2Cu06+5 ( Tsvetkov et ai, 199§| ). On the 
other hand, a subsequent optical study provided direct 
evidence for the lowering of the kinetic energy parallel 
to the planes across the superconducting transition, sup- 
porting the view that sup erconductivity in the c uprates 
is indeed unconventional (Molegraaf et ai, 2002). 

Fig. p2|a presents the normal- state data from a Tc — 
65 K overdoped Bi2212 sample ( |Feng et ai, 200l| ). Two 
FSs are observed for the main electronic structure (BB 
and AB) as well as its superstructure replica (BB' and 
AB'). These FSs correspond to four well resolved quasi- 
particle peaks (Fig.|3^b), whose dispersion can be clearly 
followed in the ARPES spectra taken along the fc-space 
cut indicated by the arrow in Fig. p2|a. As expected 



on th e basis of symmetry argu ments ( Andersen et al., 
199{|; Chakravarty et al., 1993| ) no splitting has been 



detected along the nodal direction (even with the best 
achibvabie angular resolution of about (J. 12"); the split- 
ting mcreases upon approachmg (7r,Uj wJicrc it exhibits 
the largest value of about 88 meV. The different photon 
energy dependence of BB and AB bands, evidenced by 
the relative intensity change in the two FS mappings pre- 
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FIG. 32 (a) Integrated Ef intensity map (integration win- 
dow [-20meV, lOmeV]) from overdoped Bi2212 (rc = 65K). 
The data were measured above Tc at 22.7 eV (lower-right, 
T = 75K) and 20 eV (upper-left, T = 80 K). Symbols are 
the FS crossings estimated directly from the dispersion of the 
peaks. BB and AB refer to primary bonding and antibonding 
bands, and BB' and AB' to the corresponding superstructure 
replicas, (b) ARPES spe ctra along the cut indicated by the 
white arrow in (a). After Feng et al. (2001) [Color]. 
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FIG. 33 (a) E-k image plot of the ARPES intensity and (b) 
corresponding MDCs taken on overdoped B i2212 (Tc = 85 K) 
near the (7r,0) region (Chuang et al., 2001a) [Color]. 



sented in Fig.|32|a (top-left and bottom-right), is consis- 
tent with the different symmetry of the two bands along 
the c-axis (odd and even for AB and BB, respectively). 
Analogous conclusion s were independently obtained by 
Chuang et al. (2001a) from the analysis in terms of mo- 
mentum distribution curves of similar ARPES data [see 
Fig. ^ where BB and AB bands can be observed both 
in the image plot of the ARPES intensity near (7r,0) and 
in the corresponding MDCs]. All together, the differ- 
ent studies indicate a normal state bilayer splitting of 
the order of 70-100 meV in overdo ped Bi2212 ([Bogdanov 
et al, 200il ; [Chuang et al, 2001atlFcng et a?., 2001| ). As 



shown in Fig.^4|c where the magnitude of the normal 
state bilayer splitting along the AB FS is plotted, the 
observed energy splitting agrees well with the functional 
form 2t^{k)—t±^ [cos(fc^a) — cos(fcu a)]^/2 predicted on th e 
basis of bilayer LDA calculations ( [Andersen et al., 1995 ). 
However, the experimental value of 88 meV (2tx,ea:p) 
is much smaller than the 300 meV (2tj^_i£)^) predicted 
by the bilayer LDA calculations. It is actually in bet- 
ter agreement with bilayer Hubbard model calculations 
(Liechtenstein et al., 1996), which predicted an energy 
splitting of similar momentum dependence and with a 
maximum value of about 40 meV. This smaller value re- 
flects the reduced hopping and is a direct consequence 
of the on-site Coulomb repulsion U explicitly included in 
the model. The fact that the splitting is underestimated 
as compared to the experiment suggests that a smaller 
value of U should be used for this system. 

F'eng et al. (2001) also investigated the effect of the 
superconducting transition on the ARPES spectra at 
(7r,0), where the bilayer splitting is stronger. The data 
measured above and below Tc are presented in Fig.[3^a 
and^^, respectively. Note that the peak-dip- hump 
structure in Fig. is totally unrelated to superconduc- 
tivity (Sec. VI), as the data were taken well above Tc\ 
instead it corresponds to the BB and AB split bands 
(indicated by circles and triangles, respectively). In the 
superconducting state (Fig. |jb), the two bands reach 
the same minimum binding energy (16meV), indicating 
the opening of a superconducting gap with similar am- 
plitude for both FSs (Sec.^). Furthermore, while no 
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change was seen for the AB band at high-binding energy 
(see black circles in Fig.|3ja,b), a double peak structure 
was detected close to Ep at certain momenta (see crosses 
and bars in Fig.^Jb). The appearance of a second sharp 
peak near Ep below Tc presumably corresponds to the 
sharpening of a structure that could not be resolved in 
the normal state. A possible origin of this effect may 
be the coupling between the BB state and a low-energy 
collective mode (either phononic or electronic in nature), 
which would result in the transfer of spectral weight to 
the characteristic energy of the mode (see Sec. VIII). 

At this point the obvious question is why has a clear 
bilayer splitting never been observed before by ARPES, 
despite the intense effort? Obviously this achievement 
would have not been possible without the recent im- 
provements in energy and momentum resolution. How- 
ever, in this case the major breakthrough can probably 
be identified in the recent progress in high pressure an- 
nealing techniques. This allowed the synthesis of heavily 
overdoped single crystals of Bi2212, which appear to ex- 
hibit much better defined quasiparticle peaks, suggesting 
a more FL-like behavior. One could then speculate that 
the absence of two well-defined features in the spectra of 
less overdoped samples does not necessarily indicate the 
complete absence of bilayer splitting effects, which may 
be hidden in the breadth of the lineshapes. Indeed, this 
s peculation is supported by many recent ARPES results 
( IChuang et ai, 2001b| ; |Feng et ai, 2002h| ; [Kordyuk et 



200|, 2001). F or example, using the Hel line as the exci- 
tation energy, Kordyuk et ai (2002 ) could only observe 
one large holelike FS centered at (7r,7r). However, as 
shown in Fig. pqa the experimentally determined FS vol- 
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FIG. 35 (a) Tc plotted versus the hole concentration xfs as 
inferred from the volume of the FS determined by ARPES 
(sym bols). The solid lin e is the universal empirical Tc-x rela- 
tion ([Tallon et ai, 1995|). (b) MDC width at Ep from along 



the 300 K FS {<j> is the angle defined with respect to the nodal 
direction). The solid grey line is a fit to a function al form 
proportional to sin^(2(/!>). After Kordyuk et al. (2002). 
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ume would correspond to a doping level which is 5-7% off 
the expected value (see gray arrow in Fi g.|35|a). This ap - 
parent violation of Luttinger's theorem (Luttingcr, 196C) 
can be understood by considering that the second sheet 
of FS resulting from bilayer splitting might have escaped 
detection do to matrix elements. This is further cor- 
roborated by the results reported for the evolution of the 
MDC width along the FS. As shown in Fig.^sjb, the angu- 
lar dependence of the width does not change with doping 
and is thus unlikely to be due to many-body effects; in 
addition, its functional form is proportional to sin^(20), 
which is in agreement with a bilayer splitting of the form 
[cos ( kx q ) — cos(fc„a)]^, as determined in the o verdoped 
regime (Chuang et ai, 2001a; Feng et ai, 2001). 



Evidence for bilayer splitting at under and optimal 
doping is also provided by systematic ARPES investi- 
gations performed as a function of doping and photon 
energy (Chuang et ai, 2001b|; Feng et ai, 2002b ; Gromko 



et a/^2002b; Kordyuk et al, 2002, 2001). As shown in 



FIG. 34 (a) Normal and (b) superconducting state ARPES 
spectra from overdoped Bi2212 (Tc = 65 K) taken with 21.2 eV 
photons (Hel) along (— 0.247r, 7r)-(0.247r, tt). (c) Magnitude of 
the bilayer splitting along the antibonding FS (normal state 
data). The curve is a fit to ti ^^p[cos( I{^a) — cos(fc„a')]V 2 
obtained with tx.ei^p = 44 ± 5 meV. After Feng et al. (2001). 



Fig. p6|a, the BB and AB bands clearly resolved in over- 
doped Bi2212 with 22 eV photons become indistinguish- 
able upon underdoping the system. However, in spectra 
taken with different photon energy at a given doping the 
centroid is found at different positions; it moves from 
close to Ep to higher binding energies upon changing 
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the photon energy from 47 to 22 eV (Fig. |3qa) . This be- 
havior indicates the presence of two different components 
in the spectra, with opposite photon energy dependence 
as expected for BB and AB bands, which have opposite 
symmetry along the c-axis wi th respect to the midpoint 
bet ween the t wo Cu02 planes ( Chuang et ai, 2001b ; Feng 



et a',., 2002b). Additional signatures of bilayer splitting 



can be observed by comparing spectra from Bi2212 and 
Bi2201 at similar doping levels (Fig.p6|b). While in the 
nodal region the spectra have very similar lineshapes (not 
shown), the situation is much more complicated close to 
(7r,0). Note that in Fig.p6|b, while the (7r,0) spectrum 
from overdoped Bi2212 (OD63) shows both BB and AB 
peaks, the one at (7r,0.27r) reduces to only the BB peak 
because the AB band is already above Ep- As a conse- 
quence, the spectra from Bi2212 and Bi2201 match al- 
most perfectly at (7r,0.27r) but not at (7r,0). In this con- 
text, the mismatch between optimally doped Bi2212 and 
Bi2201 spectra at (7r,0) and, in particular, the additional 
spectral weight at high energy observed in Bi2212 can 
be naturally attributed to the presence of the BB band. 
On the basis of these results, it was concluded that the 
broad lineshape observed in the normal state for under 
and optimally doped Bi2212 at (7r,0) has significant con- 



tributi ons from bilayer s plitting effects (Chuang et al., 
200|b|; |Fcng et al, 2002b|) . It was also proposed that BB 



and AB bands may become directly detectable in the su- 
perconducting state due to the sharpening of the peaks 
(promko et al, 2002b|; [Kordyuk et al, 200lD, which pro- 



vides a possible explanation for the so-called peak-dip- 
hump structure typically dete cted only below Tc at those 
doping levels (see Sec. VI and VIII. C. 3). 
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FIG. 36 (a) ARPES spectra from Bi2 212 at (tt.O), for differ 
ent doping levels and photon energies (jChuang et al., 2001b) 



(b) ARPES spectra from Bi2212 and Bi2201 me asured with 



3. Summary 



Despite the controversy over the FS, many of the 
ARPES results from Bi2212 are still reliable and the same 
holds for the qualitative descriptions that were developed 
on their basis. This is particularly true with regard to 
doping dependent studies performed under identical ex- 
perimental conditions. For example, the magnitude and 
symmetry of the superconducting gap (Sec.0) and o f the 
normal state excitation gap or pseudogap (Sec. VII), are 
relatively insensitive to the details of the FS topology. 

Due to the limited doping range investigated, the 
ARPES results from Bi2212 are insufficient to conclude in 
favor of any of the four scenarios summarized in Fig.|l^. 
While the FS of optimally doped Bi2212 resembles the 
one reported in Fig.p^a andjl^d (let us here neglect the 
issue of bilayer splitting), in the underdoped region, due 
to the opening of the pseudogap along the underlying 
FS (Sec. VII), the data are reminiscent of the models 
depicted in Fig.[l5|b and[l5|c. The distinction between 
Fig. ^5|a andp^ has to be determined on the basis of the 
behavior near (7r,0), while between the models described 
in Fig.p^b andp^ it lies in the detection of the shadow 
FS given by the dashed line in Fi g.p^ . Although it has 
been ar gued that the ca se of Fig. |15|c does not apply to 
Bi2212 ( Ding et al, 1997| ), in contrast to an earlier report 
(Acbi et ai, 1994), no consensus has yet been reached. 



D. Bi2Sr2Cu06+i 

The investigation of the low-energy electronic struc- 
ture should be an easier task for the single-layer sys- 
tem BiaSrzCuOe+a (Bi2201) than for Bi2212. First, the 
ARPES spectra are free from possible complications aris- 
ing from bilayer splitting. Second, Bi2201 has a lower Tc 
which allows measurements at lower temperature (i.e., 
less thermal broadening), without complications due to 
the opening of the superconducting gap. Furthermore, 
as in the case of Bi2212, also in Bi2201 the partial sub- 
stitution of Bi with Pb introduces additional disorder 
in the BiO planes which, in turn, suppresses the super- 
structural modulation and the intensity of the umklapp 
bands. All these characteristics would make Bi2201 an 
ideal candidate to study the evolution of the FS topol- 
ogy with doping, providing a valuable comparison for the 
more complex case of Bi2212. On the other hand, simi- 
larly to the Bi2212 case, no data are available in the ex- 
tremely underdoped regime and, therefore, the ARPES 
investigation of Bi2201 does not provide any more de- 
tailed information about the metal-insulator transition. 

Recently, two independent investigations of the low en- 
ergy electronic structure o f Pb-dopcd Bi2201 for various 
dopings were repo rted by Takeuchi et al. (200l[ ) and by 
Sato et al. (2001a , ^) . The ARPES spectra are character- 



22.7 eV photons near (7r,0), for various dopings (Feng et al. 
2002§). All data were taken in the normal state. 



ized by a well defined quasiparticle band whose dispersion 
can be easily followed and is reported for different doping 
levels in Fig.pTja, while panel b presents the FS deter- 



32 



mined by various m ethods: by symmetriz ing the spectra 
with respect to Ep ( Norman et ai, 1998b ), and by divid- 
ing out the Fermi distribution broaden ed by the exper- 
imental resohition ( Grcbcr et al, 1997 ). In underdoped 
and optimally doped samples the FS is characterized by 
a single hole barrel centered at {tt,tt), in good agreement 
with the expectation (Fig. ^7|b). Upon increasing dop- 
ing, the FS volume also increases (counting holes). In 
the overdoped regime and, in particular, for the over- 
doped Pb-Bi2201 sample characterized by < 2 K, the 
quasiparticle band crosses Ep before (7r,0) as shown in 
Fig. ^7|a, defining an electronlike FS centered at (0,0), in 
agreement with th e rigid band picture ( Fig.|37|b). The 
results reported by Takcuchi et al. (200l| ) represents the 
first direct observation of a continuous doping evolution 
of the FS topology of Bi2201 from holelike to electronlike, 
similar to that seen for LSCO. 



T his topol ogical crossover was not observed by 3ato 
et g ^. (2001a| J^, possibly due to a slightly lower doping 
level of the samples (instead in the underdoped and op- 
timally doped regime, the results from the two different 
groups are essentially the same). To determine whether 
the saddle p oint at (7r,0) is above or below Ep, 3ato 
et a ^. (2001c ) performed a detailed temperature depen- 
dence study. The left panels of Fig. ^ present data which 
indicate the presence of spectral weight below the Fermi 
level. From the bare data it is hard, however, to judge 
whether the quasiparticle band is indeed below Ep or 
the intensity corresponds to the broadened tail of a band 
located just above Ep. This issue can be addressed in 
a more conclusive way by dividing the spectra by the 
Fermi-Dirac distribution function at each temperature. 
The results are presented in the right panels of Fig.|38| 
and show the actual dispersion in a much clearer fashion. 
It is now obvious that the saddle point is located approx- 
imately 5meV below Ep (which indicates that the dif- 
ference between the results reported by the two groups is 
very subtle). As a more general remark, it should be em- 
phasized that this kind of analysis appears to be a better 
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FIG. 37 (a) Dispersion along (0,0)-(7r,0) and (b) FS crossings 
for Pb-Bi2201 at various dopings (numbers in the legends in- 
dicate the values of Tc) . An electronlik e FS is observed for th e 
overdoped sample with Tc<2K. After Pakeuchi et al. (2001). 
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FIG. 38 Raw ARPES intensity (left panels) and divided 
by the Fermi-Dirac distribution function (right panels) for 
Bii.8oPbo.38Sr2.oiCu06-5, along the (7r,0)-(7r,7r) direction, at 
several temperatures. The black dotted lines indicate the en- 
ergy at which the Fermi-Dirac function has a value of 0.03, 
and the black solid line for T= 140 K represents the p eak posi- 
tions obtained by fitting the data (Sato et al, 2001c) [Color]. 



method than the simple tracking of the ARPES intensity 
in determining the position of a quasiparticle band very 
close to the Fermi energy, especially in borderline cases 
such as in proximity to a topological transition. 



E. Bi2Sr2Ca2Cu30io+i 

Very recently, the first ARPES studies of the trilayer 
cuprate superconductors Bi2Sr2Ca2Cu30io 4-A' (Bi2223) 



have been carried out by se veral groups ( Feng et al. 



2002a; Mmier_e^ al, 2002; Sato et al., 2001d). As 



shown in Fig.^ where normal-state data from nearly- 
optimally doped Bi2223 are presented, dispersive quasi- 
particle peaks were detected by ARPES (including the 
umklapp features due to the superstructure of the BiO 
layers, already discussed for Bi2212 and Bi22201). The 
FS obtained by integrating the ARPES spectra in a 
zblOmeV energy window at Ep is a large holelike pocket 
centered at the (7r,7r) point (see Fig.|39|d). At present, no 
clear evidence of additional sheets of FS due to interlayer 
coupling was reported, contrary to what is theoretically 
predicted. In particular, one would expect the FS to 
be comprised of bonding (BB), no nbonding (NB), an d 
antibonding (AB) sheets [see, e.g., Mori et al. (2001)]. 



Whether or not the three FS sheets would have the same 
topology depends on the details of the system (such as, 
e.g., the doping level). In particular one could expect 
the BB and NB FSs to be holelike in character, while 
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ning of the Y123 crystals (i.e., domains orthogonal to 
each other with respect to the CuO chain orientation are 
present), and to generic sample quality issues which are 
responsible for the poor quality of the clea ved surface 



( [Edwards et al, 1992| ; [Schabel et ai, 1998a| ). However 



r=(.o,0) (71,0) 




the most serious problem in performing photoemission 
experiments on Y123 is represented by the presence of 
a very narrow and intense surface state peak located 10 
meV below Ep at both X and Y (schabel et ai, 1998a). 
This feature, which was initially interpreted as an ex- 
tended van Hove singularity analogous to the one ob- 



served in the Bi-based superconductors (Gofron et al. 
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1994), dominates over the low-energy bulk signal hinder- 



tinergj' relative loUp (eV) 

FIG. 39 (a-c) Normal state Bi2223 ARPES spectra taken 
along the high-symmetry lines as shown in the Brillouin zone 
sketch (T=125K, hu = 21.2eV). Main (umklapp) bands are 
marked with bars (circles) — (d) Momentum space map of the 



spectral weie 



ing the investigation of the intrinsic electronic structure. 

More detailed studies of untwinned samples were car- 
ried out only near optimal doping. The most impor- 
tant results are the identification of the surface state, 
dispe r sion, a nd the superconducting gap ( pchabcl et al. 



ght at r+IOmeV). After [Peng et al. (2nn2a|>. 199% |1998by a|). The establishment of the surface state 



the AB could be electronlike. However, because of the 
short escape depth of the outgoing photoelectrons, the 
photoemission intensity is expected to be dominated by 
the signal from the outer Cu02 plane and, in turn, from 
the NB sheet of FS (the NB wavefunction has the high- 
est probability density on the outer Cu02 plane because, 
contrary to the BB and AB ones, it is the antisymmetric 
combination of the wavefunctions of only the two outer 
planes within a trilayer block). This could be the rea- 
son why a single holelike FS was observed by ARPES 
for Bi2223 (Fig.|39|d). The above speculation, however, 
needs to be tested by more extensive experiments. 



F. YBaaCusOr 



The Y-based copper oxides are probably the most 
important family of high- Tc superconductors. In fact 
YBa2Cu307_5 (Y123) was the first compound for which 
superconductivity with Tc > 77 K (i.e., the liqu id nitrogen 
boiling point) was discovered ( Wu et ai, 1987 ). Further- 
more, it is on the Y-based cuprates that some of the 
most important experiments have been preformed. One 
specific feature of Y123 is that, contrary to the other 
cuprate HTSCs, the reservoir layers in these materials 
contain CuO chains aligned along the T-Y direction (see 
Fig. |l2| or^ for the Brillouin zone notations). Because 
of the presence of the CuO chain layer Y123 possesses a n 
orthorhombic crystal structure (Jorgensen et al, 1987), 
which according to band calculations should result in a 
s ignificant anisotropy o f the in-plane electronic structure 
(Andersen et al, 1995). Compared to other compounds. 



nature of the intense peak just below Ep [originally pro- 
posed on the basis of the dependence of its intensity on 
photon energy/polarization, as well as on oxygen, Co, 
and Pr doping ( ^chabel et ai, 1998a )] is crucial in or- 
der to understand the data, and in particular to extract 
information on the superconducting state (Sec. V.E). 



Recently, Lu et al. (2001) reported significant progress 
in the investigation of Y123 by ARPE S, made possible by 
the improvement in sample quali ty ( Liang et ai, 199^ ) 
and instrumental resolution. Fig. ^ presents the energy 
distribution curves from Y123 along the high symme- 




in recent years relatively little photoemission work has 
been done on Y123, in particular as far as the doping 
evol ution o f the elec tronic structure is conc e rned [|Liu 
et a . (1995|); see also Lynch and Olson (1999| ) ; 3 hen and 
Desi iau (1995| )]. This is partly due to the natural twin- 
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Bmding Energy (eV) 

FIG. 40 ARPES spectra from untwinned Y123 taken at 10 
K with 28 eV photons. Polarization (black arrows) and CuO 
chain directions are indicated in the insets. The labels SS, 
SC, HP, and CH, refer to surface stat e, superconduct ing peak, 
hump, and chain state, respectively (Lu et al, 2001) [Color]. 
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FIG. 41 (a)-(f) Second derivative with respect to the binding 
ener gy of the raw ARPES spectra from Y123 (sample orienta- 



tioni as in Fig. 10). (g) Summary of all the dispersive bands 



(h.il FS of Y 123 from band structure calculations (Andersen 
et ai, 1994, 1991), and (j) in tegrated photoe mission intensity 
map (50 meV at Ef). After |Lu et al. (200l|) [Color]. 



rather than to a bondi ng a state as previously suggested 
(^chabel et al., 1998a ). This interpretation is based on 
the quasi ID character of this feature (i.e, much larger 
dispersion along the chain direction than perpendicular 
to it), and the good agreement with band structure cal- 
culations ( [Andersen et al., 1995| ). Two more features are 
clearly detected at the X point and are marked with red 
and green symbols in Fig. po| a and [41^. These are related 
to the electronic structure of th e Cu02 planes and will 
be further discussed in Sec. V.E. 



In summary, the ARPES results from Y123 reveal bulk 
bands originating from the CuO chains and the Cu02 
planes, and a surface state band. As shown in Fig. 41li-j, 



the FS estimated from the wear-Ep integrated intensity 
is consistent with the band-structure results (Andersen 
199l| ): a large holelike FS centered at S is 



et al, 1994 



observed, along with a ID FS related to the bulk CuO 
chains (obviously this can only be an approximate com- 
parison as the experimental data were taken in the su- 
perconducting state and the intensity at X and Y is sig- 
nificantly affected by the presence of the surface state). 
This results in two FS crossings along T-S, one being 
due to the chain and the other to the plane electronic 
bands. Lastly, it has to be stressed that because of the 
reassignment of the 400 meV dispersive peak to a bulk 
chain state rather than a Cu02 plane state, at present 
there is no consensus for bilayer splitting in Y 123 con- 
trary to wha t had been previously suggested by Bchabel 



et al. (1998a). Also, no evidence of shadow bands is seen 
in Y123, which possibly supports a structural rather than 
a magnetic origin for these additional features in Bi2212. 



try directions in the Brillouin zone, for polarization per- 
pendicular (Fig. |40|a) and parallel (Fig. pO|b) to the CuO 
chains direction. Fig. p]a-f present the intensity plots of 
the second derivative with respect to the binding energy 
of the ARPES spectra, which allow one to follow the dis- 
persion of the broader and weaker electronic bands. Lu 
et a \. (2001 ) identified the four dispersive features sum- 
marized in Fig.|4l|g: surface state (SS), superconducting 
peak (SC), huinp (HP), and chain state (CH). As one 
can see in Fig.^, the surface state at X and Y is the 
most pronounced feature in the spectra. It has to be 
emphasized that while the surface state nature of this 
peak has received strong support from its high sensitiv- 
ity to surfac e degradation at elevated temperatures (Lu 
et a l., 2001 ), the precise origin of this state is not well 
understood at present: on the one hand, t he scenario of 



a chain-related surface state proposed by Schabel et al. 



(19!! 8a) appears to be consi stent with recent scanning 
tunnelling microscopy data ( Derro et al., 2002 ); on the 
other hand, this assignment is difficult to reconcile with 
the 2D dispersion of this feature along F-X and F-Y (blue 
symbols in Fig. p%). The broad feature at 400 meV be- 
low Ep at the X point (ye llow symbols in Fig.^l^;) was 
assigned by Lu et al. (2001) to a bulk chain-derived state, 



G. Nd2-a;CexCu04 

After having discussed the ARPES results from many 
hole-doped (or p-type) systems, in this final section of 
our overview of the doping evolution of the normal- 
state electronic structure of the cuprates we will fo- 
cus on the electron-doped (or n-type) superconductor 
Nd2-j;Ce;j;Cu04 (NCCO). As shown in Fig. 0a, the un- 
doped material is an AF insulator. Upon the substitution 
of Ce for Nd, the AF ordering temperature drops precip- 
itously approaching a; = 0.13, and superconductivity oc- 
curs between 0.14 < a; < 0.18 for oxygen reduced samples. 
Note that there is only an approximate symmetry in the 
temperature/doping phase diagram about the zero dop- 
ing line between p-type and n-type systems, as the AF 
phase is much more robust in the electron doped mate- 
rial and persists to much higher doping levels. At the 
same time, superconductivity occurs in a much narrower 
doping range. The relevance of a comparative study of 
n and p-type cuprate HTSCs is that of a verification of 
the symmetry, or lack thereof, between doping the AF 
insulator with electrons or holes. This issue has impor- 
tant theoretical implications as most models which are 
thought to capture the essence of high- Tc superconduc- 
tivity implicitly assume electron-hole symmetry. 
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FIG. 42 (a-b) Ndi.85Ceo.i5Cu04 ARPES spectra measured 
at 10 K with 21.2 eV photons (Hel) , and (c-d) corresponding 
image plots. After 3ato et al. (20011) [Color]. 



After the early inve stigations by King et al. (1993) and 



Anderson et al. (1993 ) , high energy and momentum reso- 
lution ARPES data on superconducting NCCO (x — Q.15, 
Tc = 22 K) w ere reported only very recently (Armitage 
et 4; 2001a|,|h|, ^000|, pOO^ ; |Sato et al, 2001b| ). Fig^ 



presents the ARPES spectra (a ,b) and the corres pond- 
ing image plots (b,c) reported by Sato et al. (20011). The 



results are analogous to those obtained by Armitage et al. 
(20C{lbl). Along the (0,0)-(7r,7r) direction, NCCO shows a 
dispersion which is ubiquitous among the cuprates, with 
a quasiparticle peak dispersing quickly towards Ep and 
crossing it at about (7r/2,7r/2). Similarly, a peak dis- 
perses and crosses Ep also along (7r,0)-(7r,7r), in agree- 
ment with the expected holelike FS (see insets of Fig. 
b). However, while in the p-type cuprates at (7r,0) the 
quasiparticle peak forms a flat band just below Ep, in 
NCCO the flat band is located at 300 meV below Ep. 

Studies of the doping evolution of the electronic struc - 
ture were recently carried out by Armitage et al. (2002). 
As a starting point, these authors have identified a 
charge-transfer band feature in the undoped insulator 
Nd2Ce04, which has the same dispersion as that found 
in the parent compounds of the p-type HTSCs (such as 
Ca2Cu02Cl2; Sec. IV.A). This indicates that the elec- 
tronic structure of the Cu02 plane in these two com- 



pounds is the same, although one can be doped with 
electrons and the other with holes. More interestingly, 
the charge-transfer band in Nd2Ce04 is at about 1.2 eV 
below Ep, which is comparable to the charge-transfer 
gap energy if the chemical potential is pinned close to 
the conduction band minimum. Data for different dop- 
ings are presented in Fig.|4^, which shows the ARPES 
spectra from along the FS contour expected from band 
structure calculations. At low doping (4%), the spectra 
are gapped near (7r/2,7r/2) over an energy scale of about 
200 meV and exhibit a broad maximum around 300 meV 
(Fig. Hja). Moving towards (7r,0), the 300 mcV feature 
remains more or less at the same energy, and additional 
spectral weight develops near Ep. Upon increasing the 
doping level, the ARPES features become sharper and 
the one at (7r/2,7r/2) moves closer to Ep. At optimal 
doping, (15%) the spectra are characterized by a sharp 
quasiparticle peak at Ep both at (7r,0) and (7r/2,7r/2), 
but not in the region in between where the lineshape 
is still very broad (Fig.^3|c). The momentum depen- 
dence of the Ep spectral weight (integrated from ^0 
to 4-20 meV) is displayed for the different doping levels in 
Fig. ^ At 4% the low-energy weight is concentrated in a 
small pocket around (7r,0), with a volume approximately 
consistent with the nominal doping level x. Upon increas- 
ing doping, one can observe both the modification of the 
pockets and the emergence of low-lying spectral weight 
around (7r/2,7r/2); eventually (15%), the Ep intensity 
evolves into a large holelike FS centered at (7r,7r) with a 
volume given by (l+x). In the lower panels of Fig. 44 one 
can follow the evolution of the overall electronic structure 
across the (charge-transfer) insulator to metal transition. 
In the insulator the valence band maximum is found at 
(7r/2,7r/2). At 4% doping, spectral weight develops inside 
the gap (blue) in addition to the low-energy feature (red) 
which gives rise to the (7r,0) pockets discussed above; one 
can still observed some remanent of the charge-transfer 
band of the insulator. At higher doping values the lat- 
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FIG. 43 (a-c) ARPES spectra measured with 16.5 eV photons 
on 4%, 10%, and 15% doped NC CO. respectively, from along 
the putative band-structure FS (Armitage et al., 2002) 
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FIG . 44 fa-c) Momentum space maps of the low-lying spec- 



tral weight integrated between —40 and 20meV, for x = 0.04, 
0.10, and 0.15. Inset of panel (c): regions of the FS that can 
be coupled by sca ttering, (d) Energy di spersion of the 

detected features. After Armitage et al. (2002) [Color]. 



scattering would result in a breakdo wn of FL theory and 
in a s egmented FS, as in F i g. |l5|b ( Furukawa and Rice 



1998| ; [Furukawa et al, 1998| ; [Honerkamp et al, 2001] ) 



It should be stressed that the doping dependence of 
the ARPES data from NCCO suggests the absence of 
particle-hole symmetry in the quasiparticle dispersion of 
the cuprates. In fact, the lowest energy states in p-type 
materials are located at (7r/2,7r/2), while they appear at 
(7r,0) in the n-type systems. This constitutes the first 
direct evidence for the Mott gap not being a direct gap. 
This is consistent with calculations performed within the 
t-t'-t"-J model (successf ully u sed to describe the un- 
doped insulator data; Sec. [V.A), in which the breaking of 
particle-hole symmetry results from the inclusion of the t' 
term. In particular, the asymmetry seen by ARPES be- 
tween undoped and 4% doped NCCO is well reproduced 
by a mean field solution of the t-t'-t"-U model ( Kusko 
et al, 2002). Of course, the dynamic aspects of the data 
(e.g., the development of spectral weight inside the gap) 
cannot be obtained within a mean-field approach; rather, 
the transfer of spectral weight upon doping is generally 
found in cluster model calculations. 



ter disappears and the incoherent spectral weight evolves 
into dispersive quasiparticle bands which define the large 
holelike FS centered at (7r,7r). 

It should be emphasized that although 15% doped 
NCCO appears to have a large FS with a volume given 
by (l + x) counting electrons, in agreement with Lut- 
tinger's theorem ( Luttinger, 1960| ), the data still present 
some unexpected features. What catches one's eye in 
Fig. are the distinct regions of reduced intensity along 
the FS contour near (0.657r,0.37r) and (0.37r,0.657r), in 
which the ARPES spectra are extremely broad even at 
Ep (Fig.^^). This behavior appears to be an intrin- 
sic property of the spectral function of NCCO, as evi- 
denced by the comparison of data obtained fo r different 
pho ton energ ies and experimental geometries ( Armitage 



et a 



, 2001b). Although some effects due to the energy 



and polarization dependence of the photoemission ma- 
trix elements are pre sent, the overall systema tics does not 
change. As noted by Armitage et al (2001b ), the regions 
of suppressed weight correspond to the intersections be- 
tween the Luttinger FS and the AF Brillouin zone bound- 



arie s (see inset of Fig. 44 c). These regions, connected by 
a Q = (tt, tt) scattering vector, are referred to in the liter- 
ature as hot spots (Kampf and Schrieffer, 1990a , ^; Pines 
199|; pchmahan et al, 1998| ). The ( TT, tt) scattering ex- 



perienced by the charge carriers has been proposed to 
be the origin of the pseudogap observed in the under- 
doped p-type HTSCs near (7r,0). What is seen in NCCO 
is reminiscent of that behavior (Sec. VII), although in 
the present case the effects are detected at (0.657r,0.37r). 
This could merely be a consequence of the different FS 
volume and, in turn, of the intersections between FS and 
AF zone being pushed away from (7r,0) for NCCO. In this 
view, magnetic fiuctuations would be a natural source of 
(tt, tt) scattering. More generally, however, any umklapp 



H. Discussion 

The most complete ARPES investigations of the dop- 
ing evolution of the normal state electronic structure 
have been performed on LSCO, which can be studied 
over a wide doping range. The results from this system 
have been extensively interpreted in the stripe scenario, 
which provides a possible explanation for many of the 
experimentally observed features: (i) the two-component 
electronic structure seen in the very underdoped regime 
that is suggestive of the creation of new electronic states 
inside the Mott gap; (ii) the lack of chemical potential 
shift in the underdoped regime; (iii) the straight FS seg- 
ments observed under certain experimental geometries 
that are indicative of ID electronic behavior. However, 
there are aspects of the data that are difficult to rec- 
oncile with a naive stripe picture. One such aspect is 
the Fermi-arc feature observed in ARPES experiments at 
very low doping levels, defined by the lowest-en ergy fea- 
ture of the two-component electronic structure (Yoshida 



et al, 2002). Furthermore, as doping is increased, LSCO 



becomes more of a band-like system with an LDA-like 
FS, and the signatures of stripes weaken; near optimal 
doping, the distinction between the pictures reported in 
Fig, and^5|d would become blurred. 

For the Bi-based cuprates, on the other hand, there are 
no extensive reliable data in the underdoped regime and, 
in particular, near the metal-insulator transition bound- 
ary. To date, those features which have been discussed 
as possible signatures of a charge ordered state in ex- 
tremely underdoped LSCO have not been observed in 
other systems. In the case of Bi2212, long straight seg- 
ments of FS have been observed for the bonding band 
along the direction (0,0)-(7r,0). This was already noted 
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in the early low resolution data (Feng et ai, 1999), but 
it is more clearly displayed by the recent data taken with 
improved momentum resolution (Kordyuk et ai, 2002). 
The presence of nested FS segments could give rise to 
a charge-density wave instability. This scenario is how- 
ever different from the stripe interpretation of somewhat 
similar features observed in LSCO. In the latter case the 
straight FS segments would be the result and not the 
cause of the formation of quasi-lD stripes. Furthermore, 
it has to be emphasized that the persistence of the par- 
tial FS nesting well into the overdoped regime in Bi2212 
makes a connection with a simple stripe instability less 
realistic (Kordyuk et ai, 2002). On the other hand, why 
the FS nesting does not lead to a charge-density wave 
instability is an interesting problem. In this regard, the 
presence of the antibonding sheet of FS might have an 
important role, which may be worthwhile studying. 

At this stage of the research on the HTSCs and their 
undoped parent compounds, it does not seem possible to 
firmly conclude in favor of one particular comprehensive 
theoretical model, in spite of the considerable progress 
made in recent years. This situation is emphasized by 
the longstanding puzzle concerning a fundamental ques- 
tion, i.e., how does the doping of a Mott insulator take 
place (Fig. 14). On the one hand, contrary to the early 
report by Allen et al. (1990), very re cent angle- integrated 



photoemission re sults from NCCO (Harima et al., 2001 



Steeneken, 200 1| ) favor a scenario based on the shift of 
the chemical potential, which is also consistent with the 
ARPES data from NCCO. Actually, this would be in 
agreement with t-t'-t"-J model calculations, which re- 
produce the substantial deformation of the quasiparti- 
cle band structure upon doping, and suggest a unify- 
ing point of view for both the undoped insulator and 
the HTSC dEder et aL,T997| |Kusko et al, 2002|). The 



chemical-potential shift scenario is supported also by the 
data available on Na-CCOC, which show a quasiparti- 
cle dispersion strikingly similar to the one of undoped 
CCOC. On the other hand, the lack of chemical potential 
shift observed in LSCO in the underdoped regime and the 
detection of multiple electronic components support the 
formation of in-gap states upon doping the systems and, 
consequently, the need for a completely new approach. 
Further scrutiny is required to establish if the evolution 
from Mott insulator to HTSC is truly accounted for by 
one of the existing models or whether a different ap- 
proach, maybe beyond a purely electronic description, 
is required (e.g., in which other factors, such as the un- 
derlying structural distortions, are explicitly included). 



V. SUPERCONDUCTING GAP 



The ability of ARPES to detect spectral changes across 
the superconducting phase transition is a remarkable 
testimony to the improvement in resolution over recent 
years, and is the key to the success of this technique in the 
study of the cuprate HTSCs. The most important results 
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FIG. 45 Temperature dependent ARPES spectra from Bi2212 
(Tc = 88 K) measured in the nodal region (B) and close to t he 
(7r,0) point (A), as sketched in the inset (shen et al., 1993). 



obtained in the superconducting state are the detection 
of: (i) the anisotropic c?-wave gap along the normal-state 
FS, which contributed to the debate on the pairing mech- 
anism [for a recent review on the pairing sym metry in 
cuprate HTSCs see [isuei and Kirtley (200"cia| )]; (ii) the 
dramatic changes in the spectral lineshape near (7r,0). In 
the current section, we will review point (i) for several 
systems while we will come back to (ii) later, withi n the 
discussion of the superconducting peak (Sec. VI. A) and 
of the self-energy corrections (Sec. VIII). 



A. Bi2Sr2CaCu208+5 

Fig.^ shows the early ARPES data from an over- 
doped Bi2212 s ample at two differ ent momenta in the 
Brillouin zone ( ^hen et al, 1993 ). In the nodal re- 
gion (B), the spectra taken above and below Tc are 
very similar indicating a small or vanishing gap. Near 
the (7r,0) point (A), on the other hand, normal and 
superconducting-state spectra are clearly very different: 
in addition to the obvious lineshape evolution, note also 
the shift of the leading edge, which reflects the opening of 
a sizable energy gap. These results strongly suggest that 
the superconducting gap is anisotropic and, in particu- 
lar, c onsistent with a d-wave order parameter ( ^calapino^ 
1995| ). Together with the microwave penetration depth 
results (Hardy et al., 1993), this direct evidence for the 



gap anisotropy played a major role in the early debate 
on the pairing symmetry ( Levi, 1993| ). 

Initially the magnitude of the gap was quantified sim- 
ply on the basis of the position of the leading-edge mid- 
point of the ARPES spectra, which has since become 
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exception rather than the norm. In most cases, and es- 
pecially in the underdoped regime, instead of the "V"- 
like shape cusp seen in the data of Fig.^, one finds 
an extended area around the nodal region characterized 
by gapless excitations.^* In this regard, it is impor- 
tant to mention that also recent high momentum reso- 
lution results from underdoped Pb-Bi2212 (T^ = 77 K), 
for which the bilayer splitting could be resolved mak- 
ing the analysis more reliable, indicated a "U" rather 
than a "V"-like shape for the superconducting gap along 
the bonding FS ( Borisenko et al, 2002|).^^ I n order to 
account for this behavior [Mcsot et al. (1999| ) suggested 
that higher harmonics consistent with d-wave symmetry, 
such as [cos{2kxa)—cos{2kya)], should be included in the 
expansion of the gap function A(k), in additio n to the 
simple "V"-like [cos(fca;a) — cos(/cya)] first term (Wenger 
and Ostlund, 19"93| ). Presently, however, this is still an 
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FIG. 46 Superconducting gap measured at 13 K on Bi2212 
(Tc — 87 K) plotted versus the angle alon g the normal-stat e 
FS (see sketch), together with a d-wave fit (Ding et al., 1996b). 



a standard procedure ( Finkham, 1996| ). In particular, 
one could either follow the leading-edge shift of the spec- 
tra measured on the superconducting material above and 
below Tc, or compare at the same temperature below Tc 
the position of leading edges for the superconductor and 
a polycrystallinc noble metal like Ft or Au (a caveat here 
is that the comparison between the nontrivial lineshape 
measured on a HTSC single crystal and the structureless 
Fermi edge from a polycrystallinc metal may be quanti- 
tatively inaccurate). Subsequently, some effort has been 
invested in trying to perform a more detailed analysis 
of the superconducting gap. In principle, the gap Afc 
could be estimated by measuring the quasiparticle dis- 
persion in the vicinit y of the Fermi le vel which, within 
the BCS framework ( Schricffcr, 1964 ), is predicted to 
change from e/c to Ek = ■\/e^ + A^ upon entering the su- 
perconducting state. However, the determination of Aj, 
on 1jhe basis of the change in the dispersion is a. 



diffil;iilt task beca.use the cuprates a.re not conventional 
FL metals in the normal state and, as a consequence, 
cannot be determined with sufficient accuracy. Further- 
more, this analysis is also complicated by the dramatic 
change in quasiparticle lineshape that takes place across 
the phase transition (Fig.^). Nonetheless, by fitting en- 
ergy distribution curves at different momenta with a phe- 
no menologica lly broad ened BCS spectral function. Ding 
et c Hj.. (1995a , b|, 1996b ) managed to obtain the momen- 
tum dependence of the gap along the normal state FS 
(Fig. |6|). The results agree with the dx2_y2 functional 
form A(k) = Ao[cos(fca;a) — cos(A;j;a)] extremely well. 

It has to be emphasized that such a good fit to the 
d-wave gap functional form as the one of Fig.lil is the 



open issue that deserves further scrutiny for its signifi- 
cant theoretical implications. 



B. Bi2Sr2Cu06+5 

The angular dependence of the superconducting ga p 
in Bi2201 was first investigated by Harris et al. (1997 ). 
Similar to the case of Bi2212, the results from Bi2201 
appear to be consistent with a d-wave pairing symmetry, 
albeit a larger region of gapless excitations was observed 
close to the nodal direction. The overall magnitude of 
the superconducting gap (~ 10 meV at optimal doping) is 
approximately a factor of three smaller than for Bi2212 
at similar doping levels, consistent with the reduction 
in transition temperature. More recently, the supercon- 
ducting gap was in vestigated with improved resolution by 
Sato et al. (2001a). By comparing the data obtained in 
the nodal and antinodal regions, these authors also con- 
cluded in favor of a d-wave symmetry order parameter 
with a maximum size of 10-15 meV at (7r,0). 



C. Bi2Sr2Ca2Cu30io+i 



The superconducting gap in Bi2223 was recently mea- 



vPT-y sured by several groups^ (Feng et al., 2002a; Miiller et al. 



2002| ; ISato et a?., 2001d|) . In Fig.|^, where the tempera 



ture dependence of the (7r,0) ARPES spectra is presented, 
one can clearly observe the remarkable change of quasi- 
particle lineshape that takes place for T<Tc, as well as 
the opening of the superconducting gap. Fig.^Tjb shows 
the angular dependence of the superconducting gap as 
determined from the shift of the leading-edge midpoint 



Dnssa,!! r.t al. (^m]■, 


Ding et al. (^99(^\\,■. 


Mesot et al. (1999); 


N 


orman et al. (1998a 



Harris et al. (1996); 



split FSs in the antinodal region, the momentum dependence 
along the antibonding one could not be investigated in detail. 
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FIG. 47 (a) Temperature dependent (7r,0) ARPES spectra 
measured on nearly optimally doped Bi2223 (Tc — 108 K) with 
21.2 eV photons, (b) Position of the leading-edge midpoint 
above and below Tc along the normal sta te FS. The dashe d 
line represents the d-wave functional form ( Feng et al. , 2002a ) . 



along the normal-state FS. The results are consistent 
with a d-wave symmetry order parameter, with a mag- 
nitude which is the largest so far reported among the 
Bi-based cuprate superconductors. 



D. Lao_^Sr.CiiO. 



The superconducting gap in LSCO is much smaller 
than in Bi2212 and, so far, no detailed investigations have 
been reported. As we already mentioned in Sec. IV. B 



when discussing the data of Fig.g6|, the presence of a 
finite superconducting gap was evidenced by the shift 
of the leading-ed ge midpoint of the spectra along the 
normal-st ate FS (|Ino et al., 199£ ). On the basis of this 
behavior tno et al. (19991) estimated a superconducting 
gap for optimally doped LSCO of about 10-15 m eV, in 
agr eement with the results from o ther techniques ( Chen 
et a ^., 1994| ; [Nakano et al, 1998| ; [Yamada et al, 19951) . 
Furthermore, it appears that the measured gap is quali- 
tatively consistent with a d-wave scenario. Similar con- 
clusions were reached by Sato et al. (1999) on the basis 
of a detailed fit of angle-integrated photoemission data. 



E. YBaaCuaOr-i 

Information on the superconducting state of Y123 by 
ARPES can be obtain ed on ly after the identification of 
the surface state (Sec. IV.F), which dominates the pho- 
toemission spectra at both X and Y points in the Bril- 
louin zone (note that it is at these momenta that a gap, 
if d-wave like, would have its maximum amplitude). By 
investigating the X region, where the surface st ate was 
weaker in that specific experimental geometry, [Schabel 
et al. (1997) provided supporting evidence for a super- 



conducting gap whose momentum dependence is consis- 
tent with the d-wave form. In that study, however, due to 
sample quality issues the surface was not stable enough 
to allow cycling the temperature during the experiments. 

Recently, the substantial improvement in sample qual- 
ity and instrumental resolution allowed the convincing 
detection of superconductivity related features on Y123 
(Lu et al., 2001). As shown in Fig.^8|a,b, after subtract- 
ing the surface state contribution by means of a phe- 
nomenological fitting procedure, the remainder of the 
fitted function looks strikingly similar to the lineshape 
typically observed in Bi2212 at (tt^ in the supercon- 
ducting state (see Fig.|4^c and Sec.[vi|). Direct evidence 
for the second peak being related to superconductivity 
comes from measurements performed by cycling the tem- 
perature, which show that this feature consistently disap- 
pears above T^. This behavior is summarized for several 
overdoped samples (Tc = 89 K) and momenta in Fig. ^8|d, 
where the normalized superconducting peak intensity is 
plotted (note that in Fig. 48| d SPR refers to superconduct- 
ing peak ratio, which will be defined in Sec. VI. A ). 



An interesting finding, which is specific to Y123, is the 
strong a-b anisotropy of t he in-plane elec tronic structure. 
In fact, as determined by Lu et al. (2001), the energy po- 
sitions of peak and hump for overdoped Y123 are: 29 
(A^) and 120 meV (uj^) at X, and 44 (Ay) and 180 meV 
{tOy) at Y. These results, in agreement with those from 
other techniques ( Limonov et al, 2000| ; polturak et al. 



1993| ) , indicate a 50% difference in the gap magnitude A 



between X and Y, which represents a remarkable devia- 
tion from the ideal (1^2 _y2 pairing symmetry. 
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FIG. 48 (a,b) ARPES spectra from overdoped Y123 (Tc = 
89 K) measured at X and Y (T = 10K), with corresponding 
fitting curves, (c) Comparison of the Y123 fit at X (surface 
state peak subtracted) with the (tt, 0) spectrum from over- 
doped Bi2212 (Tc = 84 K). (d) Temperature d ependence of th e 
normalized superconducting-peak intensity (Lu et al, 2001). 
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F. Nd2-2,Ce2:Cu04 

The improved experimental resolution also allowed the 
successful detection of the supercondu cting gap in the 



electro n doped supercond uctor NCCO ( Armitage et 
200{^; ^ato et al, 2001bD, a task that was not possible 



before ( [Anderson et a/., 1993 ; King et ai, 1993| ). This 
investigation is of particular relevance because, whereas 
for the hole-doped HTSCs it is now generally accepted 
that the order parameter h as a majority component of 



edge of the spectra with temperature, indicating mini- 
mal or zero gap. Near (7r,0.37r) on the other hand, all 
curves show a clear shift below Tc of about 1.5-2 meV, in 
agreement with the opening of a superconducting gap 
(Fig. ^9|d) . Systematic estimates for the leading-edge 
midpoint shift were obtained by means of a phenomeno- 
logical fitting procedure an d are indicated, for the differ- 



ent spectra, in Fig. [49|c-d. Armitage et al. (2001a 



d-wave symmetry [see, e.g., Tsuci and Kirtley (2000a) 



for the electron doped systems this issue is less clear. 
On the one hand, an isotropic superconducting gap was 
sup ported by early tunnelling (iHuang et al., 199d), mi 



crov 'ave penetration depth ( Wang et al, 199(1" Wu et 



199t|), and Raman experiments ( Stadlober et al., 1995 ) 
On the other hand, this picture has been seriously ques- 



cluded that, although an anisotropic s-wave order pa- 
rameter with a small amplitude in the nodal region can- 
not be completely excluded, these results provide sup- 
port for a d-wave pairing state in NCCO. Furthermore, 
as the leading-edge analysis can underestimate the s uper- 
conducting gap value by as muc h as a factor of 2 (Ding 
et al., 1995a; Loeser et al., 1997), a gap of about 4meV 



would be consistent wi th the ARPES data, in agreement 
with other techniques (Huang et al., 1990 ; Kokales et al. 



men ts on tricrystal films, which provided direct evidence 
for an order parameter with a large d-wave component 



(Tsuci and Kirtley, 2000b) 



In or der to investigate the superconducting gap by 
ARPES, [Armitage et al. (200rb| ) focused on the FS cross- 
ings near (7r/2,7r/2) and (tTjO.Stt) in the Brillouin zone 
(see Fig.p9|a,b), where a d^2_y2 superconducting gap is 
expected to be zero and maximum, respectively. The 
blue and red curves in Fig.|49|c-d are data collected be- 
low and above Tc =24 K, respectively. Near the (7r/2,7r/2) 
region (Fig. ESc), one does not see a shift of the leading 




FIG. 49 (a,b) Image plots of the ARPES spectra measured 
on NCCO (rc = 24K) near {tt/2,tt/2) and (7r/2,0.37r) along 
the cuts indicated by arrows in the Brillouin-zone sketches of 
(c) and (d), respectively. (c,d) Normal and superconducting- 
state spectra from the E-k regions marked by the black bars 
in (a) and (b), respectiv ely. Gap values obtain ed by fitting 
are also indicated. After Armitage et al. (2001a) [Color]. 



tion id by recent scanning SQUID microscopy measure- 200C Prozorov et al., 200C ;Btadlober et al., 1995| ; Wang 



et al, 199q ; |Wu et al, 1993| 



Simil ar results were also reported by 3ato et al. 



(2001b). In this case, the authors did not perform tem- 



perature dependent measurements on NCCO across the 
phase transition but relied on the comparison, at one 
fixed temperature below Tc, between the Fermi edges 
measured on polycrystalline Pt and on a single-crystal 
of NCCO. [Sato et al. (2001bD detected for NCCO a lead- 
ing edge shift of about 2-3 meV at the Fermi crossing 
along (7r,0)-(7r,7r) and no shift at the Fermi crossing along 
(0,0)-(7r,7r). Furthermore, by fitting the data with a phe- 
nomenologically broadened BCS spectral function (Ding 



et al, 1995a,y, 1996b), they concluded in favor of a d- 



wave gap of about 5 meV, in good agreement with the 
estimate by Armitage et al. (2001a). 



G. Discussion 

From the results presented in this section it is clear 
that the cuprate HTSCs are characterized by an over- 
all d-wave pairing symmetry, although further scrutiny 
is required for specific issues such as the existence of 
an area of gapless excitations in the nodal region, which 
would hint to significant deviations from a pure dx2-y2 
symmetry. Furthermore, as summarized in Fig. ^ where 
ARPES as well as tunnelling spectroscopy results are pre- 
sented for several families of cuprates, at optimal doping 
the gap magnitude of the d ifferent systems scales linearly 



with the corresponding Tc (Feng et al., 2002a; Sato et al. 
2001a| ,|d[). In particular, the gap versus Tc data obtained 



from the position of the leading-edge midpoint can be fit- 
ted by a line acr oss the origin corre sponding to the ratio 
2Ao/fcBTc~5.5 ([Feng et al, 2002a|). 



At this stage, a system that seems to stand out is Y123, 
as evidenced by the 50% anisotropy between the gap am- 
plitude at X and Y . As discussed by Lu et al. (2001 ), this 
anisotropy could originate from the orthorhombicity of 
the Cu02 planes in Y123 which, according to band struc- 
ture calculations, should affect the normal state elec- 
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first seen in Bi2212 (Dessau et ai, 1991; Hwu et al. 
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FIG. 50 Superconducting gap magnitude estimated from the 
superconducting peak position and the leading-edge midpoint 
shift (separated by the dashed Un e). plotted versus Tc for 
various optimally doped materials (Feng et al, 2002a). 



tronic structure ( Andersen et ai, 1995| ). Alternatively, 
it could be a consequence of the presence of the CuO 
chains which, for strong chain-plane hybridization, can 
direct ly affect the Cu 02-plane-derived electronic struc- 
ture ( Atkinson, 1999| ). Anyway it seems that for Y123, 
rather than a pure d^'^ -y'^ symmetry, alternative models 
should be considered ( [Atkinson, 1999| ; |Wu, 2002| ). 

Although not detected by ARPES, significant devia- 
tions from a simple o?^2„y2 symmetry may be present 
in the case of NCCO. In fact, a non monotonic d-wave 
superconducting order parameter has been rec ently pro- 
posed on the basis of Raman experiments (Blumberg 
et al., 2002). These results, whose interpretation how- 
ever was recently questioned (Venturini et al., 2002), were 
taken as an indication that the absolute maximum in gap 
magnitude may be located at the intersection between 
the holelike FS and the AF zone boundary (the so called 
hot spots indicated in the inset of Fig.^ip), rather than 
at (7r,0) as in the p-type cuprate superconductors. In 
this regard, as for the possible deviations from a "V"-like 
cus p in the nodal region for the p-type materials ( Mesot 
et g '., 1999 ), it was proposed that high order harmonics 
s hould be included i n the expansion of the gap function 
( puinea et al., 2002 ). This would account for a doping 



evolution of the gap anisotropy and, in particular, for the 
maximum gap amplitude being pushed away from (7r,0) 
in optimally doped NCCO. However, in order to conclu- 
sively address these issues, more detailed ARPES studies 
of the momentum dependence of the superconducting gap 
in both n and p-type HTSCs are required. 



VI. SUPERCONDUCTING PEAK 

We now move on to the second well-known phe- 
nomenon observed in the ARPES data below namely 
the dramatic change in lineshape of the (7r,0) spectra. 



1991): a sharp quasiparticle peak develops at the low- 



est binding energies followed by a dip and a broader 
hump, giving rise to the so called peak- dip-hump struc- 
ture. This evolution can be clearly seen in Fig.^, or in 
Fig. ^ where the normal and superconducting state spec- 
tra from (7r,0) and (7r/2,7r/2) are compared. While the 
opening of the superconducting gap has been observed 
in many different cuprate HTSCs, for a long time the 
emergence of a sharp peak below appeared to be a 
phenomenon unique to Bi2212. Only very recently, a 
similar feature has been detected below Tr also on Y123 



and Bi2223 (see Sec. |V.E| and |VI.B| , respectively). How- 
ever, as it is on Bi2212 that the most extensive body 
of work for doping, temperature, and momentum depen- 
dence of this feature is available, in this section we will 
mainly focus on that material. 

Because the emergence of the peak-dip-hump struc- 
ture in the Bi2212 (7r,0) spectra is the most remark- 
able effect seen across a lot of work has been de- 
voted to the experimental and theoretical investigation 
of this behavior. However, as we will discuss in more de- 



tail below and in Sec. VIII, the lineshape analysis of the 



ARPES spectra from Bi2212 is a very controversial sub- 
ject and is currently matter of an intense debate. In par- 
ticular, the rec ent obs ervation of bilayer band splitting 
in Bi2212 (Sec. [V.C.2) suggests that the peak-dip-hump 
structure near (7r,0) needs to be completely re-explored. 
It is indeed possible that its main features could be inter- 
pretable as bilayer splitting effects. Nonetheless, due to 
the present uncertainty and the inherent interest of this 
issue, in this section we will review previous analyses, 
focusing mainly on the experimental phenomenology. 
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FIG. 51 Temperature dependent photoemission spectra from 
optimally doped Bi2212 {Tc = 91K), angle integrated over a 
narrow cut at (7r,0). Inse t: superconducting p eak intensity 
versus temperature. After Fedorov et al. (1999|) [Color]. 
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FIG. 52 (a,b) T-dependent photoemission spectra from under 
(Tc = 83 K) and overdoped {Tc = 84 K) Bi2212, respectively, 
angle-integrated over the area around (7r,0) shaded in grey in 
the Brillouin zone sketch. Insets; enlarged view of spectra 
taken just above Tc. (c) Doping dependence, from under- 
doped to overdoped (bottom to top), of the superconducting - 
state (7r,0) spectra from Bi2212, for T-^T^ ( |Feng et al, 2000| ). 



A. Bi2Sr2CaCu208-i-5 

The connection between the emergence of the peak- 
dip-hump structure and the onset of superconductivity 
is evidenced by detailed temperature dependent inves- 
tigations.^" Although it starts to manifest itself slightly 
above Tc, it is below Tc that the quasiparticle peak really 
stands out. This can be clearly observed in the high- 
resolution (8meV) data from optimally doped Bi2212 
presented in Fig.^, which indicate an intrinsic width 
for this peak of about 14meV (Fcdorov et ai, 1999). 



Temperature dependent data from underdoped and over- 
doped Bi2212 are presented in Fig. ^2^,b (Feng et al. 
200(|). As shown in particular in the insets of Fig.|52| 
the superconducting peak turns on slightly above Tc in 
striking contrast to the pseudogap which behaves very 
differently in under and overdoped samples (e.g., it opens 
up well a bove Tc on the underdoped side, as discussed in 
Sec. VD)- The results obtained at low temperatures (~ 10 
K) for different doping levels are displayed in Fig.p2|c. 
The peak, not resolved in the very underdoped samples 
(bottom curve in Fig.p2|c), grows with doping. 

At the experimental level, the momentum dependence 
of the peak-dip-hump structure is a more complicated 
and controversial issue than the doping or temperature 
dependence. As we will see below, this is mostly a con- 
sequence of the superstructure and bilayer splitting ef- 
fects (Sec. IV.C), which are particularly pronounced in 
the (7r,0) region of momentum space. The other rea- 



son is that this investigation requires many spectra to 
be recorded as a function of momentum and temper- 
ature, which is technically more challenging espe cially 



if one is going after small effects. For instance, Shen 



et al. (199S) reported 2-5% temperature induced spectral 
weight transfer with momentum Q~ (0.457r, 0). This was 
observed in samples with lower Tc, reflecting the presence 
of impurities, but not in those characterized by the high- 
est Tc', it was interpreted as a consequence of the stripe 
formation. It was later found that this effect may more 
likely be an expe rimental artifact due to t h e aging of the 
sample surface (Campuzano et al., 199? ; White et al. 



as evidenced by ARPES experiments performed 
on samples containing impurities w hose surface was in - 
tentionally and systematically aged ( White et al., 1999 ). 

Fig. ^presents A RPES spectra from B i2212 along the 
high symmetry lines (Norman et ai, 1997), which suggest 
that the sharp superconducting peak persists in a very 
large momentum space region around (7r,0). However, as 
later recognized the low-energy peak observed at those k- 
points, at which the hump has dispersed to binding ener- 
gies larger than 200 meV, stem s from the superstructure 
contamination discussed in Sec. IV.C. The actual experi- 



mental phenomenology is that the superconducting peak 
occurs only in those momentum space regions where the 
normal state band is within 100-150 meV of Ep, and 
has a very weak dispersion. This can be seen in Fig.|5^, 
which presents the quasiparticle dispersion reported for 
different doping levels by Campuzano et al. (1999). 

The detection of the peak-dip-hump structure has gen- 
erated a tremendous amount of interest as it is thought 
to carry critical information about the superconducting 
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and Millis (1998); 



Looser et al. (1997); Millis (1999 
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FIG. 53 (a) Normal and (b,c) superconducting state ARPES 
spectra from overdoped Bi2212 (Tc = 87K), measured at the 
fc-points indicated in the inset of (c) . Momentum-space no ta- 
tions are defined as in Fig. [l^. After Norman et al. (1997). 
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FIG. 54 Peak and hump dispersio n in the superconductiii K 
state of Bi2212, for several dopings (Campuzano et ai, 1999). 



transition. In particular, it gave the main impetus for a 
phenomenological description of the single-particle exci- 
tations in terms of an interaction between quasiparticles 
and collective modes, which is of fundamental relevance 
to the nature of superconductivity a nd of the pairing 
mechanism in the HTSCs [see, e.g., Eschrig and Nor 



mar 
in 



Sec.|VIII| 



. However, as we will discuss in more detail 
different interpretative scenarios have been 
proposed, which are still matter of intense debate. In this 
regard, it is important to point out that the main con- 
stituents of the peak-dip-hump structure have been inter- 
preted also as possible fingerprints of the bilayer splitting 
of the electronic structure of Bi2212, with peak and hump 
corresponding to antibo nding a nd bonding bands respec- 
tively. As shown in Sec. IV. C. 2, this assignment was par- 
ticularly obvious for both normal and superconducting 
state data from overdopcd Bi2212 (see Fig.|34|). For the 
optimally and underdoped cases it has been suggested 
that in the normal state, due to the breadth of the line- 
shapes, the two bands can only be recognized on the basis 
of the different photon energy dependence (see Fig. 36); 
in t he superc onducting state on the other hand (see also 
Sec. VIII. C. 3), bonding and antibonding bands can be 
resolved directly due to the s harpening and/or spectral 



wei ght increase of the peaks (Gromko et a/., 2002b; Ko- 
rdy uk et ai, 2001 ). In this context, it should be noted 
that also the complex lineshape observed in the (7r,0) 
spectra from YBCO (Fig.||) and Bi2223 (Fig.||) may 
originate from multilayer splitting effects. 

Despite the degree of uncertainty on the lineshape 



See, R.g., |r;ampii^a,Tio et al. nc)9fi|); p^iihiiknv and Morr n 998|) 
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ki et al. 7206l|): Locscr et al. { 19i?7 T: [Norman et al. 



{T997);lShcn and Schricffcr (1997); Slicii et al. (1998^ 



et ai 



analysis of the peak-dip-hump structure as a whole, and 
independent of the bilayer splitting effects, the detailed 
study of the temperature and doping dependence o f this 
feature may still provide very relevant information. Feng 



et al. (2000) used a phenomenological fitting procedure 



to quantify the temperature and doping evolution of the 
intensity of the lowest energy peak at (7r,0). In partic- 
ular, the ratio between the area of the peak and that 
of the spectrum integrated between -0.5 and 0.1 eV was 
considered, in the attempt of extracting more system- 
atic information (i.e., independent of artifacts due to k- 
dependence of matrix elements and/or different experi- 
mental conditions for the different samples). The doping 
and temperature dependence of this quantity, referred to 
as the superconducting peak ratio (SPR), are presented in 
Fig. p5| a and|55|d, respectively. From the comparison, in 
the same figure, with many superfluid- related quantitie s 
measured on Bi2212, Y123, and LSCO, [Feng et al. (200C| ) 
suggested that: (i) the remarkable similarities between 
the data presented in Fig. 55 hint at a universality in the 
superconducting properties of the cuprate HTSCs; (ii) 
ARPES, which probes single-particle excitations of the 
condensate and therefore directly measures the strength 
of the pairing (i.e., superconducting gap), may also pro- 
vide information on the phase coherence of the super- 
conducting state (note that in principle this can only be 
inferred from those techniques which directly probe the 
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FIG. 55 Doping dependence, for T < T^: (a) SPR for the 
Bi2212 spectra of Fig.p2c; (b) /iSR rela xation rate (crocris) 



(Fallon et al, 1999 Uemura et al, 1991); (c) Bi 2212 specific- 



heat coefficient jump — 7(Tc) — '7(1 20^') (Tallon et al . 
2000|), and Y123 condensation energy U ([rallon eTo/. , 1999[) 



T-dependence^ (d) SPR and peak-width of Bi 2212 (sample 

OD84 in Fig. | 5|b): (e') AKoI/AKD ((x n.) ( [Bonn et al 



1994; Jacobs et al, 1995; sonier et al, 1999), where \ab is the 



in-pla ne penetration d epth: (f ) intensity of the neutron 
mode dHe et al, 2"00l|). After [Feng et al (200(]|). 



44 



(1) 



(b) 



60 

50 

B 

30 



u oiu OJ — D mn ccir 



ence transition, which was also the spirit of the phe- 
nomenological an alyses discussed above. While in the 
BCS framework ( ^chricffcr, 1964 ) the superconducting 
transition and the opening of a superconducting gap in 
the single particle excitation spectrum are due to an ef- 
fective attractive interaction between FL quasiparticles 
which are already well-defined above Tc, in the case of 
the HTSCs coherent quasiparticles may be formed only 
upon entering the su perconducting state [see, e.g., Shen 



'o 

"a 

■% 1 



and Sawatzky (1999| )]. Theoretical examples of this kind 
of transiti on in the literature in clude, e.g., dimensional 
crosso ver ([Carlson et al, 200C ), condensation of char- 
gons ( penthil and Fisher, 1999), quantum confi nement 
and Bose condensation (Nagaosa and Lee, 200C). Note 



however tha t the above discussed int erpretations by Feng 



et al. (2000) and Ding et al. (2001) are not universally 
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FIG. 56 Doping dependence, as estimated at 14 K, of: (a) 
coherent quasiparticle weight za, (b) maximum gap size Am, 



accepted. Notably, Norman et al. (2001b ) suggested that 
the temperature dependence of the ARPES spectra is not 
due to the decrease of spectral weight of the low-energy 
peak upon increasing the temperature above Tc, but is 
instead a reflection of the quasiparticle lifetime catastro- 



phe (Abanov and Chubukov, 1999; Kuroda and Varma, 



and (l) .a Am 111 (0 the timpiiital leldLluii belween T, and x iggnl^ iNorman and Dine 19981 iNorman et al 2001bh 

is al io Dhown (Froaland ct al, 100l|). After | Ding ot al. (30(5 ^ 1^, jiNorman ana umg, 1^^8 |; porman et al., /UU1D [) 



collective motion of the condensate). This latter point 
is evidenced by the similar behavior observed, as a func- 
tion of hole concentration, for SPR, superfluid density 



Ug measured by /iSR (Fig. | 55p), condensation energy U 



reg oy fi'ou (i ' ig. | iiiip], em- 
fror A the specific heat and jump in the specific heat co - 



The disappearance of the sharp peak above Tc would be 
a consequence of the reduction of the low-energy elec- 
tron lifetime, which broadens the quasiparticles out of 
existence once the superconducting gap has closed. At 
this stage, it is hard to judge which interpretatio n is more 
appropriate. On the one hand, the analysis by Norman 



et al. (20011 ) is more detailed than the phenomenologi- 



effic ^cnt (Fig. 5i| c), as well as by the similar temperature 



dep endence of SPR and Hs mcaaurcd by microwave or 



cal one presented in the two experimental papers (Ding 
et al, 200 il ; [Feng et al., 200C| ). On the other hand, this 



/iSR spectroscopy (Fig. p5|d and|55|e). Furthermore, con- 
t rary to what is expected within the FL-BCS framework 
( ^chrieffer, 1964 ) , the SPR and superfluid density exhibit 
an abrupt drop near Tc (i.e., disappearance of the phase 
coherence) rather than at T* (i.e., opening of the pseudo- 
gap in the underdoped regime), and grow with the hole 
concentration x while the gap magnitude, as determined 
by ARPES (see Sec.pll and Fig.pl), scales with (1-x). 



alternative scenario seems to be in contrast with the ex- 
perimental observation that, at least in the optimally- 
doped/overdoped regime (see Fig.ls^d where the FWHM 



Similar observations were made by Ding et al. (2001 ), 
who also found an increase in the peak intensity with 
doping, as shown in Fig.[56|a (here the quantity za, re- 
ferred to by the authors as coherent quasiparticle weight, 
is defined exactly as the above SPR and is therefore a 
phenomenological quantity without rigorous theoretical 
implications). It was observed that the product ZA^m, 
where is the superconducting gap estimated by the 
peak-position at (7r,0) for T = 14 K, is directly pro- 
portional to the superconducting trans ition temperature 
(Fig. ^6|3). On the basis of these results. Ding et al. (2001) 
concluded that superconductivity is mainly controlled by 
the quasiparticle coherence za in the underdoped regime 
and by the superconducting gap in the overdoped regime, 
and suggested that a new quantity, ZA^m{T = 0), may be 
the true superconducting order parameter in the HTSCs. 

The emergence of a sharp quasiparticle peak below 
Tc has been taken as evidence for some form of coher- 
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Binding Energy (meV) 

FIG. 57 Superconducting state (7r,0) spectra from Bi2201 
(rc = 19K), Bi2212 (Tc = 91K),and Bi2223 (Tc = 108 K). The 
data were taken with 21.2 eV photons at 13.5 K for Bi2 201. 
and 40 K for both Bi2212 and Bi2223 (|Sato et al, 200l4- 
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is plotted), the width of the superconductin g peak does 



not appear to change significantly across (Ding et 
200 1; [Fedorov et ai, 1999| ; [Feng et ai, 2000| ). 



B. Bi2Sr2Ca2Cu30io+i and Bi2Sr2CuO 



6+S 



The temperature dependence seen for the quasipar- 
ticle peak in Bi2212 seems to be confirmed also by 

the data rppnrtfd fnr nptimally Hnppd V^\')9')^ (Fip; p^a. 



andp4|). in which once again the quasiparticle peak dis- 



appears at temperatures slightly large r than Tc = 108 K 
( Feng et ai, 2002a ; Sato et ai, 2001q ). Furthermore, as 
shown in Fig. |57| where the superconducting state (7r,0) 
ARPES spectra from one, two, and three Cu02 planes 
Bi-cuprates are presented, it appears that the supercon- 
ducting peak intensity increases with T^, supporting the 
idea that it is related to the strength of superconductivity 
in the system. In particular, Feng et al. (2002a[ ) showed 



that both the peak intensity and the superconducting gap 
increase approximately linearly with Tc in this family of 
compounds, which seems to indicate that both phase co- 
herence and pairing strength scale with the number of 
Cu02 planes. In this regard, it has to be mentioned that 
for Bi2201, presumably due to the lower superfluid den- 
sity of the single layer compound, only very recently some 
evidence was collected for the presence of a sharp peak 
at low temperatures, which indee d is much weak er than 
in the case of Bi2212 and Bi2223 ([Lanzara, 200^. 



VII. PSEUDOGAP 

One of the most important contributions of ARPES to 
the investigation of the HTSCs, is the discovery of the 



normal -state excitation gap or pseudo g ap ( Ding et al. 
199^ [Levi, 1996| ; [Locser et al, 1996| ; [Marshall eTaT,, 
199(|). Similar to what we have discussed in Sec.0 for 
the superconducting gap, the pseudogap can be simply 
described as the opening of an energy gap along the 
underlying FS, but detected in this case in the normal 
state. In fact, for the underdoped cuprates it was found 
that the Fermi level crossings are absent over a large 
portion of the FS due to the opening of an excitation 
gap at temperatures considerably higher than Tc itself. 
This phenomenon was first recognized in the photoemis- 
sion spectra by King et al. (1995) in attempting t o con- 
nec t the Bi2 212 data to that from undoped SCOC ( [Wells 
et a ., 1995 ). The pseudogap has been observed in many 
of the cuprate superconductors, but has been most ex- 
tensively studied in Bi2212. As we will discuss in de- 
tail later, the main characteristics of the normal-state 
pseudogap can be summarized as follows (Randeria and 
Canipuzano, 1997; Shcn et al., 1997): (i) the effect is 



strong in underdoped samples, persists to optimal dop- 



ing, an d disappears in ove r doped samples (Ding et at, 



199^ [Loeser et al., 1996[ ; [Marshall et a/., 1996[ ).~(n) 



given by the location of the leading-edge midpoint (which 
shows a clear gap), and the higher energy one by the 
position of the broad peak near the (7r,0) point (the ex- 
pected sharp quasiparticle peak at Ep is converted into 
a broad feature over ^ 100 meV and the low-energy spec- 
tral weight is suppressed). The lower energy scale has 
a d-wave like momentum dependence similar to the one 
of the superconducting gap, with a gapless arc near the 
nodal region. As a fun ction of doping, the two energy 
scales track each other (Campuzano et ai, 1999; Harris 
MarshaU et ai, 1996[ ; [Norman et ai, 1998a[ ; 
, 1996). (iii) Upon reducing the hole concen- 



et al, 1996 



White et al 



tration, the size of the leading-edge pseudogap increases, 
in contrast to the decreasing of Tc. This is believed to 
provide an important piece of evidence for the non-BCS 
behavior of the superconducting transition in the under- 
doped regime of the HTSCs. 



A. Bi2Sr2CaCu208+5 

The first specific stud y of the pseudogap effect in 
Bi2212 was performed by [MarshaU et al. (199^ ). Fig.|| 
reproduces the key data that illustrate the basic phe- 
nomenology. For the optimally doped or overdoped sam- 
ples, Fermi crossings around the entire FS are observed 
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FIG. 58 (a) FS crossings for Bi2212. (b) Leading edge mid- 
point shifts for Dy-Bi2212. (c-d) Dispersions determined from 
the peak centroids for Dv-Bi2 212 and Bi2212. respe ctively, for 
different doping levels. After Marshall et al. (199C). 
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FIG. 59 Momentum dependence of the pseudogap along the 
exp ected FS for underdoped Bi2212 (numbers indicate Tc 



UDIO (Ding et al, 1996c 1^ UD46, UD78 (Harris et al., 1996) 



UD78 (Loeser et al, 1996). Note that here the leading edge 
midpoint positions relative to the value at 45° were plotted 



(solid squares in Fig.^Sp). For the underdoped samples, 
well defined FS crossings are detected only within an arc- 
segment centered on the (0,0)-(7r,7r) line (open circles in 
Fig. ^8|a), while they are completely missing near (7r,0). 
By comparing the results from both underdoped and op- 
timally doped Dy-Bi2212 (Fig.|5|b), it is clear that the 
spectra from the underdoped samples pull towards higher 
binding energy in the entire region, and in particular at 
(7r,0). As the FS should be a continuous surface in mo- 
mentum space, this behavior was interpreted as the open- 
ing of an anisotropic gap. It has to be emphasized that 
the pseudogap phenomenon is relatively insensi tive to the 
details of the FS topology in this region (Sec. IV.C ): in 
fact, the magnitude of the gap is rather large, and the 
spectra from underdoped samples are pulled back over an 
extended momentum space region with a weak band dis- 
persion near the (7r,0) point (see Fig. p8|c,d, where the dis- 
persion is summarized for several doping levels). Hence, 
the normal state gap and its doping dependence are ro- 
bust features in the ARPES spectra. 

Marshall et al. (1996) suggested two different ways of 
characterizing the normal state pseudogap: by the posi- 
tion of the leading edge (20-30 meV) or by the position 
of the broad maximum of the spectra (100-200 meV), 
which identify respectively low-energy and high-energy 
pseudogap. While the former is well defined at interme- 
diate low-doping levels but not in the deeply underdoped 
regime, the latter is particularly useful in the very un- 
derdoped cases. As we will discuss below, it is generally 
believed that low and high-energy scale of the normal- 
state gap naturally connect to the gap of the supercon- 
ductor and the one of the AF insulator, respectively. 
In this regard, of particular relevance are the momen- 
tum dependence studies of these features, (i) For the 
low-energy pseudog ap, d etailed results were reported by 
Loeser et al. (1996) and Ding et al. (1996c). Although 
the spectra are characterized by a peak not as sharp as 



FIG. 60 Temperature dependence of the pseud ogap magnl 
tude n ear (n.O ) for underdoped Bi2212: UD83 ( Din^_et_aL 
1996c|); UD84 ([Loeser et al, 1997|); UD85 (fHarris et al, 1996D 



the one seen in the superconducting state (Sec. |VI.A| ), 
the compilation of data presented in Fig. ^ shows that 
the /c-dependence of the magnitude of low-energy pseu- 
dogap is simila r to the one of the d-wave superconducting 
gap (Sec. V.A ), which suggests the interesting possibility 
that the two gaps may originate from the same underly- 
ing mechanism, (ii) As for the high-energy pseudogap, 
it was suggested that this feature exhibits the same dis- 
persion along the (0,0)-(7 r,0) and (7r,7r)-(7r,0) directions 
( [Campuzano et al., 1999| ). As these orthogonal direc- 
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FIG. 61 (a-c) ARPES spectra (black lines) from underdoped 
Bi2212 (Tc = 85 K), taken at different momentum space points 
as sketched in (d), and reference spectra from poly crystalline 
Pt (red lines), (e) Temperat ure dependence of th e Bi2212 
leading-edge midpoints. After Norman et al. (1998a) [Color]. 
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FIG. 62 Doping dependence of tlie pseudogap magnitude as 
mined by tlie position of leading - edge midpoint (circles, 



det( 

left axis) a.nd high-energy feature (diamonds, right axis) in 
the (7r,0) ARPES spectra from Bi2212 [the dome represents 
the d-wav e mean-field approxirn ation A(x) — 4. 3kRTr.(x) /2, 



The next important issue is the doping dependence of 
the normal-state gap magnitude. Fig. 62 compiles data 
from several studies, which indicate that the pseudogap 
decreases monotonically upon doping. Here, in order to 
estimate the normal-state gap energy, both the position 
of the leading-edge midpoint and of the high-energy fea- 
ture were used. Concerning the different doping depen- 
dence of the experimentally determined pseudogap and 
Tc lines in the underdoped regime, two alternative sce- 
narios are usually discussed: (i) phase fluctuations and 
(ii) quantum critical point. The phase fluctuation pic- 
ture refers to the idea that superconductivity in the un- 
derdoped regime is determined by the phase stiffness of 
the superfluid,^^ which is consistent with the experimen- 
tal observation that Tc in the underdo ped samples is 
prop ortional to the superfluid density ( [Uemura et al. 



left scale (IWon and Maki, 1994|)] Data from: |Campuzanci| 



et at. (199q); Marshall et al. (1996); White et al. (1996) 



tions are equivalent only in the reduced AF Brillouin 
zone, it was argued that the high energy pseudogap is 
a remnant of the AF undoped insulator [similar point 



1991| ). In this view, the pseudogap is a reflection of in- 
coherent pair-fluctuations above Tc,"^^ and does not scale 
with Tc itself. Given the similarity in the momentum 
dependence between the pseudogap and the supercon- 
ducting gap, earlier photoemission data were mostly in- 
terpreted along this line. In the case of the quantum 
critical point scenario, superconducting and normal-state 
gap have a different origin,^** and the suppression of 
Tc in the underdoped regime is caused by the devel- 
opment of a competing order responsible for magnetic 



ma de b}^ [ Ronning et al . (1998 ) , following the pro . 



corre lations independent of the Cu spins (Sonier et al., 



posal of Laughlin (1995 j- 1092 )j. However this conclusion 



200l| ). In this context, possible microscopic descriptions 



rests on the assumption that the dispersion of the high- 
ener|Ky pseudogap is oqui'^falent to the one of the h ump- 



dptfjrtnd in fho siipnrrnndnrting statp (spp Spr |\/T A| axid 



for the pseudogap phase i nclude the circulating- current 
phase (Varma, 1997 , 1999), charge-density wave ( |CasteI 
lani et al., 1995| ), and d-density wave short-range flue- 



in particular, Fig.^ and|54|). In light of the recent de- 
tection of bilayer splitting in Bi2212 (Sec. IV.Cj) , and of 
the possible correspondence of peak and hump features 
to antibonding and bonding bilayer split bands, this in- 
terpretation of the dispersion of hump and high-energy 
pseudogap shou ld be r econ sidered (then again, as we will 
discussed in Sec VII. D and VII. E| , a similar behavior has 
been observed also on single- layer underdoped cuprates). 

Important insights also come from the study of the 
pseudogap as a function of temperature. Fig.|6^ sum- 
marizes the temperature dependence of the leading-edge 
midpoint positions near (7r,0) for underdoped samples 
with Tc of about 85 K, which shows that at these dopings 
the ps eudogap opens up around T 
1996|; 



1996c Harris et 



^200K (ping et al. 




0.2 0.4 0.6 O.B 

0.4(ji,iE) 0.5|cosM-coslv,a| 



CiE,0) 



Loeser et 



19961). More in 
in a sub- 



detail, as reported by Norman et al. (1998 
sequent paper, we are dealing with a highly anisotropic 
gap that closes non-uniformly in momentum space upon 
increasing the temperature. In fact, as shown in Fig.|6l|, 
the temperature at which the leading-edge midpoint co- 
incides with the reference Fermi energy obtained from a 
polycrystalline Pt sample is very different for the Bi2212 
spectra taken at fc-space points (a), (b), and (c). In par- 
ticular, this happens at about 150 K at (a), and 95 K 
at (c) . Since these results were obtained on a Tc = 85 K 
underdoped sample, they indicate that a gap is present 
at (a) and (b) already at temperatures well above Tc. 



FIG. 63 (a) Bi2201 ARPES spectra measured, for different 
doping levels, at the FS crossings in the nodal region and 
close to (7r,0). (b) Leading edge mid point shifts for sligh tly 
underdoped Bi2201 {Tc = 2<d K). After [Harris et al. (1997| ). 
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Doniach and Inui Q99C ]^ Emery and Kivclson Q995a ^) 
(1995| ); p^TycIson et (199^ ); [Uemura et al. (199l| ) 



[mada 



f rc-tormation ot (Jooper pairs at the crossoyer temperature T* > 
Tc without any phase coherence, which is estabUshed only when 
they condense into the c o herent superconducting st ate. 
24 [Tallon and Loram (20o"l| ); [lallon et al (1999[ |2000| ). 
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tuations (Chakravarty et ai, 2001). It has to be men- 
tioned that, in addition to scenarios (i) and (ii), there is 
also a class of pairing theories that explain the normal 
state d-wave gap as a signature of pairing in the spin 
channel. These stem from the spin-dcnsity-wavc/spin- 
bag approach, and from the strong-coupling version of 
the t-J or Hubbard models, in which the pseudogap 
results from AF spin fluctuations and spinon pairing re- 
spectively. Finally, there is the interpretation of the pseu- 
dogap in terms of umklapp scattering truncation of the 
FS near the location of the hot spots, as in Fig.p^.' 
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B. Bi2Sr2CuO 



6+c5 



Clear evidence for a c?-wave like pseudogap for under- 



dop ed and optim ally doped Bi2201 was reported by Har- 



ris ct al. (1997 ), as shown in Fig. |63| (note that no gap 
was observed for the overdoped material). On the ba- 
sis of the leading-edge midpoint shift, the gap amplitude 
was estimated to be ~ lOmeV for the optimally doped 
sample, therefore much smaller than in Bi2212 (~ 20- 
30m eV, see Fig.|6^). As discussed for the case of Bi2212 
(Sec. VILA), the momentum dependence and magnitude 
of the normal state pseudogap are similar to those of the 
superconducting gap, which may imply a common ori- 
gin for the two features. Furthermore, as we will see in 
Sec. VII. D, the magnitude of the pseudogap in Bi2201, in 
particular as estimated from the position of the leading- 
edge midpoint, is comparable to the results obtained for 
LSCO. Given that Bi2201 and LSCO are characterized 
by a similar value of T™"^ :;:i 34-38K much low er than 
the ~95K of Bi2212 [see, e.g., |Eisaki et al. (20021 )], these 
findings suggest a direct correlation between T™°^ and 
the size of the pseudogap (and/or superconducting gap), 
for the different families of cuprates. 
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FIG. 64 (a) Raw and (b) symmetrized temperature depen- 
dent ARPES spectra measured on Bi2223 in correspondence 
of the underlying FS crossing along the (7r,0)-(7r,7r) direction. 
In (b) the 170 K spectrum (gray thick line) is superimposed t o 
those taken at r> 125 K for comparison ( Sato et al, 2001d ). 



the low-energy spectral weight). Note that the absolute 
difference between Tc and T* is rather small in this case, 
presumably because the doping level is very close to opti - 
mal. Similar results were reported by Feng et al. (2002a ), 
who showed that a gap is present at spectra taken above 
Tc near (7r,0) but not along the nodal direction, which 
suggests a c?-wave symmetry for the pseudogap in Bi2223. 



D. La2 a;Sr:cCu04 



C. Bi2Sr2Ca2Cu30io+« 

The pseudogap in Bi 2223 has been rece ntly studied by 
Sato et al. (2001d) and Feng et al. (2002a), on nearly op- 
timally doped samples {T^ = 108 K). The (7r,0) ARPES 
spectra and the results obtained by sy mmetrizing the 



spectra with respect to Ep [as defined by Norman et al. 
(1998M] are presented as a function of temperature in 
Fig. |64|a,b. At low temperature, a large superconducting 
gap is clearly visible, as discussed in Sec. V.C. How- 
ever, as emphasized by the direct comparison between the 
170 K sy mmetrized spectrum an those taken at T > 125 K 
(Fig, pip), the gap is still open at T~Tc and it does not 
close until T* ~ 135 K (as evidenced by the suppression of 
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The investigation of the normal state pseudogap in 
LSCO by ARPES has been complicated by the poor sta- 
bility of the cleaved surface at temperature higher than 
Tc, even in ultra- high vacuum. Therefore, the first evi- 
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FIG. 65 Density of states for optir nallv doped LSC O {Tc = 
38 K) and polycrystalline Au. After jato et al. (1999| ) [Color]. 
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FIG. 66 (a) ARPES spectra from along the FS contour (see 
inset) measured at 30 K with 55.5 eV photons on 10% doped 
LSCO (Tc = 29K). A spectrum from poly crystalline Au is 
shown for comparison, (b) Correspon ding momentu m depen- 
dence of the leading-edge gap. After Yoshida (2001 ). 



den cc for th is phenomenon in LSCO was reported by [no 
et a \. (1998 ) on the basis of angle- integrated photoemis- 
sion experiments, in which clean surfaces were obtained 
by repeatedly scraping (i.e., every 40 minutes) the sample 
surface in situ with a diamond file (a procedure which ob- 
viously prevents the acquisition of angle resolved spectra, 
due to the roughness of the scraped surface) . These data 
indicated a systematic depression of the density of states 
(more pronounced at lower dopings), which has been con- 
sidered indicative of a pseudogap with an energy scale of 
about 100-200 meV at 5-10% doping. 

Using a similar procedure, Sato et al. (1999| ) investi- 
gated the temperature dependence of the pseudogap in 
optimally doped LSCO {x = 0.15, = 38K). In order 
to extract a more direct representation of the density 
of states near the Fermi level, the spectra were divided 
by the Fermi-Dirac distribution function (at the corre- 
sponding temperature) convoluted with a Gaussian (to 
account for the instrumental resolution of 7meV). In con- 
trast to what is observed in a normal metal like Au (inset 
of Fig. |6^) , on LSCO the intensity close to the Fermi level 
(<30meV) increases smoothly upon raising the temper- 
ature (Fig. 65 ) . This effect is observable over a tempera- 
ture range much larger than Tc, and thus provides direct 
evidence for the existence of normal state pseudogap. 

Detailed angle-resolved investigation s of the pseudo - 
gap in LSCO were recently reported by |lno et al. (200^ ) 
and Yoshida (2001). As shown in Fig. |66|a where the shift 
of the leading-edge midpoint along the underlying FS is 
presented for 10% doped LSCO, a clear gap is observ- 
able close to (7r,0) but not at (7r/2,7r/2), with an overall 
momentum dependence consistent with the d-wave func- 
tional form (Fig. |66|b). Note that the spectra presented in 
Fig. |66| were taken at the temperature of 30 K, therefore 
not much higher than Tc = 29 K. This was necessary in 
order to avoid aging of the sample surface over the time 
required to obtain a complete set of data in momentum 
space. It has to be emphasized that, however, temper- 
ature dependent ARPES experiments restricted to the 
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FIG. 67 (a) Doping dependence of the LSCO ARPES spectra 
{hv = 55.5 eV) and of the (b) high-energy feature at (7r,0), 
and (c) of the leading-edge midpoint in correspondence of the 
underlying FS near (7r,0). Note that the points in (c) and 
the spectra in (a) are only apparently at variance (see, e.g., 
a : = 0.1): the r esults are not from the exact same momenta 
(Yoshida, 2001). The dome in (c) i s the d-wave mean-fie ld 



approximation A(a;) =4.3fcsrc(a;)/2 (Won and Maki, 1994) 



(7r,0) region show that the gap is still open at tempera- 
tures as high as 90 K and therefore well into the normal 
state, consistent with the results presented in Fig.|6^. Re- 
garding the absolute magnitude of the pseudogap and its 
doping evolution, detailed estimates could also be ob- 
tained from angle-resolved experiments (Fig. |67|a). The 
results for the high-energy pseudogap at (7r,0) and the 
low-energy pseudogap at the underlying Fermi vector 
near (7r,0) are presented in Fig.|67|b andc, respectively. 
Similar to the case of the Bi-based HTSCs, these find- 
ings support the picture of a smooth evolution of the 
pseudogap into the superconducting gap upon increasing 
the doping. Furthermore, as mentioned in Sec 



VII.B 



the 

results from these two different families indicate a direct 
scaling of the leading-edge pseudogap with T™°^. 

It has been observed that the doping dependence of the 
high energy pseudogap (Fig.|67|b) indicates that this ef- 
fect is intimately related to the anomalous behavior seen 
in thermodynamics and transport properties. In partic- 
ular, for a;<0.2 along with the opening of the pseudogap 
one observes a suppression of the electr onic specific heat 
and a decrease of the effective mass (Ino et ai, 2002 



1998). This suggests that a decrease in the density of 
states (or carriers) is responsible for the metal-insulator 
transit ion in LSCO, and n ot a divergence of the effective 
mass ([mada et ai, 1998). This may also be related to 



the fact that the coherent quasiparticle weight decreases 
upon reducing the doping level (Fig. |67|a). 



E. Ca2-a;Naa;Cu02Cl2 

Many attempts have been made to connect the elec- 
tronic structure of the doped HTSC to that of the insu- 
lator. This is also the case in the context of the pseu- 



50 



400 



I 



300 



■a 

X 



200 



100 



4 Ca^CQO Cl^ Tc^ OK. 

-0-- 35 % Dy ' Tc= OK 

17.5 % Dy T&25K 

- O- -- 10 % Dy Tc=65K 




-1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2 
Energy relative to or peak at (7i/2,7i/2) (ev) 

FIG. 68 (a) High energy pseudogap plotted versus \coskx — 
cosfcj,|/2 for CCOC and Dy-Bi2212. (b) Doping dependence 
of the (7r,0) ARPES spectra measured at 100 K with 25.2 eV 
photons on CCO C, and at 110 K with 22.4 eV photons on 
Dy-Bi2212. After [Ronning et al. (1998|). 



dogap discussion, as many believe that the pseudogap is 
a quantity that can already be defined in the insulator. 
Since the best insulator data were collected on SCOC 
and CCOC, and the best metal data were obtained on 
Bi2212, it is natural that the possibility of such a con- 
nection has been most intensively explored for these two 
families of materials. The first explic it attempt in this 
direction was made by Laughlin (1995| ) who showed that 
the (tTjO) ARPES spectra evolve continuously from one 
system to another, making a strong case for the high- 
energy broad peak being derived from the insulator. The 
idea of remnant FS discussed in Sec. [V.A.2 was inspired 



by this approach, which suggested to consider the evolu- 
tion of the (7r,0) spectra in terms of a gap evolution rather 
than a trivial band dispersion even in the insulator. 

The (7r,0) spectra from B i2212, Dy-Bi2212, and CCOC 
are compared in Fig.|68|b ( Ronning et al, 1998 ), which 
shows a smooth evolution of lineshapes and peak posi- 
tions (see arrows): upon underdoping the quasiparticle 
peak at (7r,0) broadens and shifts to higher binding en- 
ergies. Note that for CCOC the zero in energy does not 
correspond to Ep but to the peak position at (7r/2,7r/2) 
which, in turn, corresponds to the top of the valence band 
located ~ 700 meV below Ep because of the Mott gap. 
The high-energy pseudogap (Fig. [68)3) is characterized by 
a d-wave like dispersion not only in the underdoped sys- 



tems but also in the undoped insulator. This is shown 
in Fig.|6^ where the dispersion of the high energy pseu- 
dogap along the FS (remnant-FS for CCOC) is plotted 
against the d-wave functional form (a fit for CCOC is 
shown). Although their sizes vary, the superconducting 
gap, the pseudogap of the underdoped system, and the 
gap of the insulator have a similar d-wave form , sug- 
gesting a common origin ( Zacher et ai, 2000b ). This 
is consistent with the idea of one underlying symmetry 
principle that unifies the AF insulator and the d-wave 
superconductor ( Zacher et al, 2000h| ; Zhang, 1997). 



Recently, single crystals of Na-doped CCOC have been 
made available (as discussed earlier in Sec. [V.A), which 
allowed the study of the doping evolution from insula- 
t or to superconducto r within the same mat erial family 
( [Kohsaka al, 200 1| ; [Ronning et al, 2002b| ). The (7r,0) 
spectra from 10% doped Na-CCOC (Fig.|^) and CCOC 
(Fig. |68|b) exhibit the same lineshape, although the insu- 
lator data are shifted below Ep by ~700meV ( Ronning 
2002b| ). Furthermore, as shown in Fig. 2l|b, the 



et 



10% Na-doped sample is characterized by a Fermi arc 
centered around the nodal region, while around (7r,0) the 
spectra are pushed to much higher energies. This be- 
havior is almost identical to the one seen for underdoped 
Bi2212 in Fig.|5|, which supports the earlier conclusions 
based on the comparison between CCOC and Bi2212 at 
various dopings. Hence, these findings make a strong case 
for the high-energy pseudogap to have its origin in the 
electronic structure of the insulator. In addition, regard- 
ing possible complications due to bilayer splitting effects 
in the (7r,0) data from Bi2212, it has to be emphasized 
that the similar behavior observed for single-layer Na- 
CCOC and bilayer Bi2212 provides further support for 
the presence of two energy scales in the pseudogap phe- 
nomenon and for their observed doping evolution. 



F. Discussion 

The results from Bi2201, Bi2212, and LSCO, with the 
presence of two-energy scales for both single and double 
layer materials, indicate the generality of the pseudogap 
phenomenology. The low energy pseudogap smoothly 
evolves into the superconducting gap upon going from 
underdoped to overdoped regime. Both gaps exhibit the 
same overall d-wave symmetry. Furthermore, the magni- 
tude of the leading-edge pseudogap scales with the maxi- 
mum Tc of the different HTSC families. The high-energy 
pseudogap, which allows a more meaningful description 
of the data in the very underdoped regime, seems to origi- 
nate from the AF insulator, as first proposed on the basis 
of CCOC and Bi2212 data. In this regard, more direct ev- 
idence is provided by the results from Na-CCOC. In par- 
ticular, we have discussed that the similar d-wave form 
observed for the superconducting gap, the pseudogap of 
the underdoped system, and the angular dependent part 
of the gap along the remnant FS of the insulator might 
suggest a common origin for these different excitation 
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gaps (Zacher et ai, 2000b), and the existence of a unify- 
ing symmetry principle for the AF insulator and the d- 
wave superconductor (Zacher et ai, 2000b; Zhang, 1997) 



In t his regard how ever, as discussed in detail by Ron- 
ning et al. (2002a), an important caveat is the rounded 
electronic dispersion observed near the nodes of the d- 
wave functional form for both the superconducting and 
normal state gap. This finding, which is also consistent 
with the observations of Fermi arcs rather than a uni- 
formly gapped FS in the pseudogap regime (Fig.^,|5^, 
and|6l|), suggests that high order harmonics may have to 
be included in the expansion of the gap function ( [Guinea 
et a f., 2002 ; Mesot et ai, 1999 ), as already discussed in 
Sec. |V.A and |V.G . This would in fact account for the lack 



of a well defined "V"-like cusp in the gap momentum de- 
pendence in the nodal region. The presence or absence 
thereof is a critical information in discriminating between 
different microscopic models connecting the AF insulator 
to the d-wave superconductor. 

It has to be noted that the detection of a d-wave like 
pseudogap and, in particular, the increase of its maxi- 
mum amplitude at (7r,0) upon reducing doping empha- 
size the inadequacy of a rigid ba nd description for the 
electronic structure of the HTSCs ( King et ai, 1995| ). In 
other words, the evolution from insulator to overdoped 
metal cannot be described in terms of the simple shift of 
the chemical potential in a rigid band picture. In fact, 
in the insulator the binding energies of the lowest en- 
ergy states at (7r/2,7r/2) and (7r,0) differ by ~300meV as 
shown in Fig. n9L while in the overdoped metal a Fermi 
level crossing can be found near both momenta [the rigid 
chemical potential shift would instead results in FS pock- 
ets closed around (7r/2,7r/2)]. 



VIII. SELF ENERGY AND COLLECTIVE MODES 



As discussed in Sec p^I.C] , the introduction of the elec- 
tron self energy I](k, Ci;) = E'(k,a;)-|-«E"(k,w) is a power- 
ful way to account for many-body correlations in solids. 
Its real and imaginary parts correspond, respectively, to 
the energy renormalization with respect to the bare band 
energy et and to the finite lifetime of the quasiparticles 
in the interacting system. Owing to the ener gy an d mo- 
mentum resolution nowadays achievable (Sec. |lI.E| ), both 
components of the self energy can be in principle esti- 
mated very accurately from the analysis of the ARPES 
intensity in terms of energy distribution curves (EDCs) 
and /or momentum distribution curves (MDCs).^^ In this 



of the EDCs in ex tracting information on the self en- 
ergy, as noted by Valla et al. (1999b ) who first used 
this approach for Bi2212 (see Fig. [7| and|7|). EDCs are 
typically characterized by a complex lineshape (Fig.|^) 
because of the nontrivial cu dependence of the self en- 
ergy (see, e.g., E q.[l7| and[l^), the presence of additional 
background (Sec. p^I.D| ), and the low-energy cutoff due to 
the Fermi function. Furthermore, as evidenced by the 
generic expression for the spectral function A(k, lo) in 
Eq. 14, the EDC peak position is determined by S'(k, uj) 
as well as S"(k, a;), because both terms are strongly en- 
ergy dependent. On the other hand, if the self energy 
is independent of k normal to the FS (and the matrix 
elements are a slowly- varying function of fc), then the 
corresponding MDCs are simple Lorentzians centered at 
k = kF+[io-^'iio)]/v^p with FWHM given by 2S"(w)/w^, 
where Vp is the bare Fermi velocity normal to the FS.^^ 
Indeed, Lorentzian lineshapes were observed experimen- 
tally for the MDCs (Fig. and|7^), and this approach 
has been extensively used in the literature as we will see 
throughout this section. However, it has to be noted that, 
although the results of MDC and EDC analyses should 
coincide, differences in both dispersions and peak widths 
can be observed, in particular at high energies due to the 
UJ dependence of S(k, w), or near the band maxima and 
minima (see, e.g., the simulations in Fig. [72|). 



As we will elaborate in Sec. VIII. B and VIII. C, the 



peak-dip-hump structure and the corresponding step- 
edge in I]"(k, a;) observed for the cuprates are crucial 
hallmarks for quasiparticles interacting with a disper- 
sionless collective bosonic mode. This problem has been 
studied in great detail for the strong-coupling BCS su- 
perconductors, in which the bosonic mode is an Ein- 



stein phonon ( Engelsbcrg and Schricffer, 1963 ; 3calapino 
1969; Schricffer, 19641 ). Therefore, before discussing the 



specific case of the cuprate HTSCs, in the following sec- 
tion we will briefly review the effects of electron-phonon 
coupling on the ARPES spectra from simple metallic sur- 
faces for which, given that the electron-electron interac- 
tion is relatively unimportant, the established theoretical 
formalism can be applied very effectively.'^'^ 



A. Electron-phonon coupling on metallic surfaces 

The electron-phonon interaction involving surface 
phonons and the F-surface state on the Be(OOOl) sur- 
face was investigated by two g roups, and qualitatively 
similar conclusion were drawn dBalasubramanian et a 



regard, it is important to realize that in some cases the 



1998y Hengsberger et a/., 1999aUb|; [LaShcU et ai, 2000]) 
Fig. |69|a shows results by Hengsberger et al. (1999bD for 



MDC analysis may be more effective than the analysis 



This is one of the aspects that make ARPES such a powerful 
tool for the investigation of complex materials, as exemplified 
by the recently reported experimental determinati ons of many- 



body ef fects in different systems. For a review, sec: Gtwcon et al. 
Johnson et al. {200li^ ); kcyan and Rotenbcrg (200ip. 



(2001); 



This is obtained by simply a.pproxin jating f], (fc — fcr) in the 
spectral function A(k.Lij) in Eg . 14 ([Kaminski et al.. 2001). 
Ra,la,subra,ma,nia,ri et p,/. (1 99? ): pp'ngsberger ej (1999^ ^ 



(200C| ); Valla et al. (1999b J 



Hofrnann et al. ( 1998 Ii_ LaShell et al. (2000); Rotenbcrg "et al. 
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the Be(OOOl) surface state along the TM direction of the 
surface Brillouin zone; a feature is seen dispersing to- 
wards the Fermi level. Close to Ep the spectral function 
exhibits a complex structure characterized by a broad 
hump and a sharp peak, with the latter being confined 
to within an energy range given by the typical bandwidth 
Uph of the surface phonons. This behavior corresponds 
to a two-branch splitting of the near-Ep dispersion, with 
a transfer of spectral weight between the two branches 
as a function of binding energy (this is more clearly em- 
phasized by the simulation shown in Fig.|69|b). While 
the high-energy dispersion is representative of the bare 
quasiparticles, at low energy the dispersion is renormal- 
ized by the electron-phonon interaction (this behavior is 
shown, for a similar electron-phonon coupled system, in 
the inset of Fig.^^. In other words, the weaker dis- 
persion observed at energies smaller than ujph describes 
dressed quasiparticles with an effective mass enhanced 
by a factor of (1-1- A ), where A is the electron-p honon 
coupling parameter ( [Ashcroft and Mermin, 1976| ). The 
latter can be estimated from the ratio of renormalized 
(v,j.) and bare (v^) quasiparticle velocities, according to 
the relation = ^~^9ek/9k= (1-|-A)~^v^. This way, for 
the data presented in Fig. [69^ the value A = 1.18 was ob- 
tained [note that alternatively A could also be estimated 
from the temperature dependence of the linewidth near 
Ep (iBalasubramanian et ai, 1998 )]. In a follow up pa- 
per, Hcngsberger et al. (1999b ) provided a more detailed 



analysis of the data, by including also the effect of impu- 
rities and electron-electron interactions, which however 
led to similar conclusions. 

A slightly different analysis of similar data from 
Be(OOOl) was performed by [LaSheU et al. (20001 ). In 
this case, the authors used the isotropic zero temper- 
ature Debye model with a constant electron-phonon 
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FIG. 69 (a) ARPES spectra for the Be(OOOl) surfac e state 



mea sured at 12 K w ith (Hel) 21.2 eV photons [after Hengs 



berg sr et al. (1999b )]. (b) Spectral function within the Debye 
model for tt;D = 65meV and A = 0.65 with (dashed) and w ith- 
out (solid) impurity scattering [after LaShell et al. (200C)]. 
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FIG. 70 Self energy estimated from the Mo(llO) surface state 
ARPES spectra, and corresponding quasiparticle dispersion 
(inset). Calculated electron-phonon contributions to real and 
imaginary part of E(k, oj), respectively, are indicated by dot- 
ted and dashed lines (the latter was offset by 26 meV t o ac- 
count for impurity scattering). After Valla et al. (1999a). 



interaction matrix element to express the Eliashberg 
coupling function (i.e., the phonon density of states 
weighted by the electron-phonon coupling strength) as 
a^Fluj) = X(lu/ujd)'^, for u < uju, and otherwise zero 
(here ujd is the maximum phonon energy and the di- 
mensionless mass renormalization parameter A represents 
the coupling strength). Within the above approxima- 
tion the electron-phonon contribution to the self energy 
E(k, w), if effectively treated as momentum indepen- 
dent, can be calculated from \Yj" {uj)\ = TTh J a'^F{io')du)' . 
For real (S') and imaginary (S") parts one obtains: 



E'(c.) 



- {Xhojo/'i) X [{oj/L^of In I (w|) - ^2) 1 
-|-ln|(w£,-|-w)/(w£,-w)| +uj/uod\ 



\Y,"{uj)\ = h\7r\Lu\''/i3u;l), \lu\ < ujd 



(25) 



|I]"(w)| = hXiruJo/S., 



\uj\ > lud . 



The spectral function ^(k, w) for this model is shown 
in Fig. 69 D for parameter values A = 0.65 and lud = 
65meV; it qualitatively reproduces the basic features of 
the ARPES spectra presented in Fig|69|a, and in partic- 
ular the double structure with a dip at approximately 
ujp). By assuming the self energy to be independent of 
(or weakly dependent on) momentum, a fact that is qual- 
itatively consistent with the L orentzian lincshapc o f the 
MDCs (see previous section), LaShell et al. (2000| ) ex- 
tracted the self energy using only the free parameter efe. 



53 



which they took as a second-order polynomial imposing 
the additional condition that must vanish at a; = 

and uj ^ oo. These results are in good agreement with 
theoretical simulations based on the Debye model. 
Another example of an electron-phonon c oupled sys- 



Valla et al. 



tem is the surface state of Mo(llO) studied by 
(19!! 9a). In this case, the real and imaginary part of the 
self energy shown in Fig. ^ were obtained directly from 
the EDC analysis: S" corresponds to the EDC width and 
S' to the difference between the observed quasiparticle 
dispersion and a straight line approximating the disper- 
sion of the non-interacting system (Fig.|70[ inset). The 
step-like change at 30 meV in S" is interpreted as the 
phonon contribution (dashed line) and the parabolic part 
at higher energies is attributed to electron-electron inter- 
actions. The phonon contribution to the real part of the 
self energy is calcu lated from the Kramers-Kronig rela- 
tions (see Sec. II.C ) and agrees well with the data (dot- 
ted line). As an additional confirmation of the electron- 
phonon description, it was noted that also the observed 
temperature dependence of the scattering rate is w ell re- 
produced by the calculations ( |Valla et aL, 1999a ). The 
difference between the Mo(llO) results and those from 
Be(OOOl), or the simulations presented in Fig. |69|b, is that 
no double structure is seen directly in the EDCs for the 
Mo(llO) surface state, although one should expect it for 
the parameters extracted from the experiment. The rea- 
son for this discrepancy probably lies in the energy scale 
of the Debye frequency, which is about 30 and 65 meV for 
Mo and Be, respectively. For ujd — 30meV the complex 
lineshape is probably smeared out because of impurities 
or finite resolution. 

A similar manifestation of two-branch splitting in the 
ARPES spectra as a consequence of electron-phonon cou- 
pling was observed for hy drogen and deuterium adsorbed 
onto the W(llO) surface ( Rotcnberg et al, 200C ). In this 
case, the direct coupling between an adsorbate optical 
phonon and an intrinsic surface electronic state was evi- 
denced by the hydrogen/deuterium isotope effect. 



B. Self-energy effects in the HTSCs 

1. The (tt.O) region 

Earlier ARPES investigation of the self-energy correc- 
tions in the cuprates focused on the antinodal (7r,0) re- 
gion of Bi2212, where across Tc the lineshape evolves 
into the well-known peak-dip-hump structure already dis- 
cussed in Sec. VI. A. However, as recently recognized and 
elaborated in detail in Sec. IV. C. 2, the (7r,0) spectra from 
Bi2212 are severely distorted by the bilayer splitting ef- 
fects. "^^ In particular, the results reported by Kordyuk 
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FIG. 71 Photoemission processes and corresponding line- 
shapes for weak (a) and strong coupling [f3 or (7r,0)]. Phase 
space considerations for quasipa rticles coupled to (tt.tt) c ol- 
lective modes are also sketched (3hen and Schrieffer, 1997). 



et al. (2001) and Gromko et al. (2002b) most convincingly 



suggested that the peak and hump observed in the super- 
conducting state correspond to antibonding and bond- 
ing bilayer split bands, at any doping levels (i.e., even 
at under and optimal doping). This invalidates much 
of the quantitative lineshape analysis of data from this 
momentum-space region. However, as the methodology 
is still very instructive, in the following we will neverthe- 
less review the literature devoted to this issue. 

As for the detailed understanding of the peak-dip- 
hump structure seen at (7r,0) in the superconducting 
state, there are two distinct aspects of this effort: 

(i) The development of a way to extract self-energy in- 
formation directly from the ARPES data. The upshot 
of this approach is that one does not need input from 
any microscopic model, thus it may in principle allow 
one to analyze the data with no preconceived judgment. 
The price to pay is that certain approximations are nec- 
essary and, as a consequence, one has to be cautious in 
the quantitative evaluation of the final results. '^^ 

(ii) The analysis of the photoemission data within the 
context of a specific microscopic model. '^^ Within this 
approach, in analogy to the case of the electron-phonon 
coupled systems discussed in Sec. VIII. A, the peak-dip- 



hump structure would result from the coupling between 
the quasiparticles and a collective bosonic mode. In this 
case the latter is assumed to be electronic in nature and, 
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in particular, the so-called Q = (tTjTt) resonant magnetic 
mode observed in inelastic neutron scattering experi- 
ments in YBCO (|Fong et al 1995| ; Mook et ai, 1993|; 
Rossat-Mignod et ai, 199l[ ) and Bi2212 (|Fong al. 



199|; |Mook et al, 1998^ . Related to this scenario is the 
approach schematically summarized in Fig. |7^, which em- 
phasizes that the Q~ (tt, tt) scattering will severely affect 
the (tTjO) spectra (i.e., broadening due to the simulta- 
neous excitation of collective modes). As a consequence 
of the sharpening of the quasiparticle pole in the super- 
conducting state, a sharp peak would eventually emerge 
below Tc, as observed in the experiments. 

It should be noted that the connection between the 
(7r,0) peak-dip-hump structure and a sharp electr onic res- 
onant mode in the cuprates was first proposed by Norman 



et a ',. (1997), following earlier work on elect r on- phonon 
coupling ( Engelsberg and Schrieffer, 1963 ; ^calapino^ 



196!|). Fig.|72| reproduces the calculations performed at 
two different momenta in the superconducting state for 
electrons coupled to a collective mode of energy fires 
as well as a gapped continuum, which account for the 



complete spin excitation spectrum ( Eschrig and Norman 
200|). As a result of the interaction, the spectral function 
is characterized by a peak-dip-hump- like lineshape as well 
as a break and two-branch behavior (i.e., for peak and 
hump) in the EDC-derived quasiparticle dispersion [the 
energy of dip and dispersion kink is comparable to the 
one of the (7r,0) superconducting state peak plus ilres]- 
This behavior is particularly evident in the (7r,0) region 
(Fig. [72^-b) , but similar although weaker effects can also 
be seen along the nodal direction (Fig, [z^-d). An obvi- 
ous difference between the two momentum space regions 




1 1 M 1 1 1 1 1 1 1 1 1 1 

(a) / 


1 1 1 M 1 1 


072KU 












1 1 1 1 1 1 i^ii 1 1 1 



t, D.03 



(b) 



* ARPES (Bi2:i:) 
O Nciiti-ons (TBCO) 
□ NciiU-ons (Bi22i:) 



D.16 D.DS D 
Binding Energy' (cV) 



35 50 65 SO 95 SO 65 



FIG. 73 Doping dependence of: (a) the (7r,0) ARPES spectra 
from Bi2212; (b) the collective mode energy as inferred from 
the ARPES spectra (i.e., differen ce between peak and di p 
positions) and neutron data. After Campuzano et al. (1999). 



in Fig. ^ comes from the presence of the d-wave super- 
conducting gap: while the quasiparticle peak crosses Ep 
with a linear dispersion along (0,0)-(7r,7r), it disperses 
backward losing spectral weight for k>kp around (7r,0), 
where the gap along the FS is maximum. In Fig.^ it 
should also be noted that the two-branch behavior seen 
in the EDCs corresponds to a kink in the MDC-derived 
quasiparticle dispersion, which emphasizes the crossover 
between high and low-energy branches. 

The agreement between the above calculations and 
ARPES data such as those presented in Fig.|53|,|5^, 
and^ was taken as evidence for the validity of the ap- 
proach. Furthermore, as mentioned above, according to 
the magnetic-mode scenario the energy separation be- 
tween peak and dip in the ARPES spectra (Fig.fz^a) 
should correspond to the energy fires of the mode it- 
self ( pampuzano et al, 1999 ). Indeed, some correlation 
between these characteristic energies was experimentally 
observed over a broad doping range, as shown in Fig. [73| b 
where ARP ES and inelastic neutron scattering data are 
compared. [Campuzano et al. (1999 ) argued that these 
results, which have also been confirmed by more recent 
photoemission and neutron data reported for the very 
same sample by Mesot et al. (2001a), provide direct ev- 
idence for the bosonic mode being the (7r,7r) resonant 
magnetic mode. However, in light of the recent detection 
of bilayer splitting effects that dominate the (7r,0) spectra 
(with an energy scale coinciding with that of peak and 
hump), also this quantitative comparison of neutrons and 
Bi2212 A RPES data needs to be ca refully reevaluated 
[see, e.g., Eschrig and Norman (200"^ ]. 



2. The nodal direction 



FIG. 72 Resonant magnetic-mode model calculations: (a,c) 
electron removal and addition spectra and (b,d) correspond- 
ing MDC and EDC derived dispersions, for momentum-space 
cuts parallel to M-Y (top p anels! and to the nodal dire ction 
T-Y (bottom panels). After Eschrig and Norman (2002). 



As the data from Bi2212 along the (0,0)-(7r,7r) direc- 
tion are not complicated by superstructure contamina- 
tions (at least along TV, as shown in Fig. 28| and|30|a,b) 
or bilayer splitting effects (see Fig.^ and|32|), in prin- 
ciple the quasiparticle lineshape analysis in this region 
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FIG. 74 (a) Temperature dependent MDCs at Ef mea- 
sured along the nodal direction on optimally doped Bi2212 
(rc=91K), with 21.2 eV photons, (b) Corresponding MDC 
widths versus temperature for three different samples (svrn- 



bols , together with DC resistivity data (Valla et al., 1999b) 



of momentum space is more reliable. In this context, 
detailed ARPES studies of the single-particle self energy 
have been very recently reported by several groups. "^^ In- 
terestingly, from a temperature dependence study on op- 
timally do ped Bi2212 (r = 48K ARPES data are shown 
in Fig.0), [Valla et (1999bD reported that the width 
of the Lorentzian-like MDCs at Ep decreases linearly as 
a function of temperature (Fig.|7^), similar to what is 
observed for the scattering rate in normal state resistiv- 
ity data and consis tent with the margin al Fermi liquid 
(MFL) description jVarma et al. (1989| ); see Sec.|LC 



Furthermore, this behavior seemed to smoothly persist 
into the superconducting state in contrast to what is seen 
by transport and optical measurements. The linear de- 
pendence of the scattering rate on temperature (at small 
binding energies) and on energy (at large binding ener- 
gies), with no indications for an extraneous energy scale 
set by conventional sources of quasiparticle scattering, 
was considered by Valla et al. (1999b) a signature of a 
nearby quantum critical point. 

However, evidences for an additional energy scale in 



reported by two other groups ( 


Bogdanov et al, 2000l 


Kaminski et al., 200C; 


Lanzara et al., 2001 


)■ 


Kaminski 



tering rate in particular below T^, as estimated from the 
width of the EDCs measured along the nodal direction 
on optimally doped Bi2212. This behavior is shown in 
Fig. where the scattering rate obtained from ARPES 
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and optical experiments are compared for two different 
temperatures above and below Tc. In addition, from the 
analysis of both EDCs and MDCs taken on Bi2212 for 
several dopi ngs along the (0,0)-(7r,7r) direction, Bogdanov 



et al. (2000) found a kink at approximately 50 ± 15 meV 
in the quasiparticle dispersion (see Fig. [78| which shows, 
in addition to the Bi221 2 results, similar data reported 
by Lanzara et al. (2001 ) for a wide range of HTSCs). 
This is counter to the linear dispersion pred icted by band- 
structure calculations in this energy range (Krakauer and 
Pickett, 1988|; pVIassidda et al, 1988|). The kink appeared 



to be more pronounced at low temperatures and in un- 
derdoped samples; below Tc, a drop in the EDC-derived 
quasiparticle scattering rate was observed at the kink en- 
ergy, similar to that shown in Fig.[75|. 

It should be noted that a kink in the dispersion is 
also present in the superconducting state results by |Valla| 



et al. (1999b), although this aspect of the data was not 
considered by those authors (see white circles in Fig.0). 
However, as real and imaginary part of the self energy 
are related by Kramers-Kronig relations, the presence of 
a dispersion renormalization below a certain binding en- 
ergy corresponds necessarily to a well defined structure 
in the quasiparticle scattering rate, contrary to the initial 
claim of the linear temperature dependence of the scat- 
tering rate and absence of any e nergy scale [as later re c- 
ognized by those same authors ( Johnson et al., 2001b )]. 



C. Origin of the energy scale in the HTSCs 

While there has been an initial disagreement with one 
group arguing for the absence of a ny energy scale at all 
temperatures ( Valla et al., 1999b ), the field eventually 
converged to the conclusion that the kink in the disper- 
sion and the change in the EDC width observed along 
the nodal direction indicate the presence of a well de- 
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FIG. 75 EDC width versus the quasiparticle binding energy 
for optimally doped Bi2212 (Tc = 89 K), from along the nodal 
direction (thick gray line in the Brillouin zone sketch), and 
freque ncy dependent scatte ring rat e from infrared reflecti vity 
data ( |Puchkov et al, 1996| ). After [Kaminski et al (2000| ). 
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fined energy scale in the electron self energy for Bi2212, 
at least in the superconducting state. Furthermore, the 
coupling between the quasiparticles and some collective 
mode is co nsidered to be the most l ikely origin of this phe- 
nomenon (Bogdanov et ai , 2000|; [Johnson et a/., 2001b 



Kaminski et ai, 2000| , p001| ; [Lanzara et ai, 2001| ). In 
fact, other possible causes, such as the opening of the su- 
perconducting gap, have been ruled out as will be elab- 
orated later. However, there is currently no consensus 
on whether or not these effects are limited to tempera- 
tures lower than T^. and, in turn, on the precise nature of 
the collective mode. As for the latter, in addition to the 
(7r,7r) resonant magnetic-mode scenario already discussed 
in relation to the self-energy effects in the (7r,0) region, 
also lattice vibrations have been proposed as a possible 
candidate. A direct comparison of these two competing 
scenarios will be presented in the following. 



1. Resonant magnetic-mode scenario 

In the context of a coupling between quasiparticles and 
a Q = (tt, tt) mode, the strongest effects on the self energy 
are expected around {7r,0), as emphasized in the inset of 
Fig. In addition, as already discussed in relation to 
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FIG. 77 (a-c) MDC-derived quasiparticle dispersion along 
the (0,0)-(7r,7r) direction for underdoped, optimally and over- 
doped Bi2212 above (red) and below (blue) T^. (d-f) Cor- 
responding E' (green symbols: difference between supercon- 
ducting and normal s tate results). Red line s: marginal PL 
fits to tlie data. After Johnson et al. (2001b) [Color]. 



Fig. [72|, Kaminski et al. (2001 ) argued that the coupling 
between quasiparticles and spin fluctuations could also 
be responsible for the drop in the scattering rate and the 
dispersion renormalization observed in the superconduct- 
ing state of Bi2212 along the (0,0)-(7r,0) dire ction (Fig|75 
and [76| for ^ 0.41) . Within this approac h ( Eschrig and 
Norman, 2000|, |2002|; [Kaminski et ai, 200 ![) a unified view 



FIG. 76 (left) Normal (T = 140 K) and (middle) supercon- 
ducting state (r = 40K) ARPES intensity measured on opti- 
mally doped Bi2212 (Tc = 89K) with 22 eV photons (the loca- 
tion of the cuts in the Brillouin zone is indicated by the black 
Unes in the sketch of Fig.^). Dots and crosses mark the posi- 
tion of peak and hump, respectively, (right) Superconducting 
state EDCs from the mome nta indicated by the d ashed lines 
in the middle panels. After Kaminski et al. (2001) [Color]. 



is given for the peak-dip-hump structure and two-branch 
behavior detected in the (7r,0) region (Fig^, top panels), 
and the quasiparticle renormalization observed along the 
nodal direction (Fig^, bottom panels). However, as al- 
ready discussed in Sec. VIII. B.l , an important caveat is 
that the effects identified as due to self-energy corrections 
in the (7r,0) region could mostly be a direct manifestation 
of bonding and antibonding bilayer split bands. 

Similar results and conclusions were later reported by 
Johnson et al. (2001b ), who investigated the self-energy 
corrections along the nodal direction of Bi2212 for differ- 
ent doping levels, above and below Tc. Fig, (tt] shows the 
MDC-derived quasiparticle dispersion and an approxi- 
mate estimate of the real part of the self energy. This was 
obtained from the difference between the MDC-derived 
dispersion and the dashed straight lines that in Fig.[7^a-c 
intersect the dispersion a,t kp and at 200-250 meV, where 
S' is then set to zero (strictly speaking, however, the true 
noninteracting dispersion should be used as a reference, 
which would not cross the interacting one). Although 
these results are not characterized by a strong tempera- 
ture dependence (i.e., the main deviation from the dashed 
lines in Fig.|77|a-c is alr eady present in the normal state), 
Johnson et al. (2001b) argued that, while the normal 



state dispersion shows only a smooth MFL-like renormal- 



ization (as defined in Sec. II.C), in the superconducting 
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state the self energy is characterized by the emergence 
of a sharp structure for under and optimal doping. On 
the basis of this tem perature and doping dependence, 
Johnson et al. (2001b ) attributed the self-energy change 
across Tc (green symbols in Fig. 77) to the magnetic- 
mode contribution. Interestingly, it was also noted that 
for ijj > 50meV the band velocity decreases with dop- 
ing and that in the underdoped regime both EDCs and 
MDCs widths are larger than the corresp onding binding 
energy. These results were discussed by Johnson et al. 



(20Clb) as indicative of elec tron (hole) fraction alization, 
following an earlier work by Orgad et al. (2001). 



2. Electron-phonon coupling scenario 

Alternative to the m agnetic-mode scenario disc ussed 
in the previous section, Lanzara et al. (2001 ) and Shen 
et a ^. (200l"h| ) argued that the self-energy effects in the 
ARPES data from Bi2212 along the nodal direction can 
be best described in terms of electron-phonon coupling. 
This interpretation is based on the following observa- 
tions. First, the kink in the quasiparticle dispersion as 
well as the drop in the scattering rate are seen in all 
the p-type cuprates studied and the behavior is almost 
identical. This is shown in Fig|7^a-c that present the dis- 
persion along (0,0)-(7r,7r) for LSCO, Bi2212, and Bi2201. 
In all cases one can observe a clear change in band veloc- 
ity, which becomes more pronounced in the underdoped 
samples. '^^ Note that the observation of a similar energy 
scale (50-80 meV) in systems characterized by very dif- 
ferent gap energies (10-20 meV for LSCO and Bi2201, 30- 
50meV for Bi2212) rules out the superconducting gap as 
a possible origin. Fur thermore, this finding was taken by 
Lanzara et al. (2001) also as a strong evidence against 



the magnetic-mode interpretation and in favor of the 
phonon scenario. In fact, while the kink in the disper- 
sion appears to be similar in the different families of com- 
pounds, the magnetic resonant mode behaves very differ- 
ently: the latter is not seen in LSCO, and is expected to 
have an energy three times lower in Bi2201 as compared 



to ^YZ'll'l or Y_bCu, because Its characteristic energy 
scales approximately with Tc- On the contrary, the sim- 
ilar energy scale observed for the different compounds is 
consistent with the coupling between quasiparticles and 
oxygen pho nons: as evidenced by neutron scattering ex - 
periments ( McQueeney et al., 1999 ; Petrov et al., 2000 ), 
these lattice vibrational modes are strongly coupled to 
the charge carriers and their characteristic frequencies 
fall in the same energy range of the kink observed in 
the quasiparticle dispersion (black arrows in Fig|7qb-e). 



For the n-type cupratcsno detailed study is available; at this 
stage, as shown in Fig. [42|. no effect is detected on NCCO along 
the nodal direction (Sato et al., 2001t; Shen et al., 2001b), while 
a break in the dispersion at about 50 me V was observed along 
the (7r,0)-(7r,7r) direction ( [iiato et al., 20o"lb ). 
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FIG. 78 Quasiparticle dispersion of Bi2212, Bi2201 and 
LSCO along the nodal direction, plotted versus the rescaled 
momentum for different dopings (a-c) and temperatures (d,e) . 
Black arrows indicate the position of the kink and the red ar- 
row the energy of the q = (tt, 0) oxygen stretching phonon 
mode. Inset of (e): temperature dependent E' for optimally 
doped Bi2212. (f) Doping de pendence of \' along (0,0)-(7r,7r) 
for all the different cuprates (Lanzara et al., 2001) [Color]. 



For instance, for LSCO the (7r,0) oxygen stretching mode 
has an ene rgy of 70 meV as indicat ed by the red arrow 
in Fig[78|a ( McQueeney et al., 1999 ), and coincides with 
the energy of the kink detected by ARPES. 

A second important piece of evidence in favor of the 
phonon scenario comes from the temperature dependence 
of the kink in the quasiparticle dispersion. The data in 
Fig[78|d-e indicate that the effect smoothly evolves upon 
raising the temperature and persists well above Tc. This 
is particulary obvious in the 100 K data from LSCO, for 
which Tc ~ 38 K. The inset in panel (e) presents the real 
part of the self energy for optimally doped Bi2212 ex- 



tracted with the same procedure used by Johnson et al. 
(2001b ) for the data presented in Fig.^. The results 
from the two groups are very similar except for a subtle 
difference: while both data sets show a slightly more pro- 
nounced structure at low-temperature, th e superconduct- 
ing state data by Johnson et al. (2001b| ) hint at a sharp 
peak superimposed on the normal state result (Fig. ^7|) , 
which could be taken as evidence for a qualitatively dif- 
ferent effect below and above Tr. On the other hand. 



the data by Lanzara et al. (2001) show a more contin- 
uous evolution, with a persistence of the effect into the 
normal state. Therefore the temperature dependence of 
the ARP ES data from Bi2212 and especially LSCO was 
taken by Lanzara et al. (2001) as a direct and conclu- 



sive evidence against the magnetic-mode interpretation 
because the latter, as indicated by elastic neutron scat- 



tering experiments, turns on below Tc (Dai et al., 1999 
199(3; |Fong et al, 1999|; |He et al, 20"0l|). 
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FIG. 79 Low-temperature spectra from overdoped (OD), op- 
timally doped (OP), and underdoped (UD) Bi2212 along 
(0,0)-(7r,7r). Right panel: spectral function for an electron- 
phonon coupled system in the Debye model at T = 0; S'(aj) 
and S"(tj) are shown in the inset, wh ere the dashed line i n- 
dicates the maximum phonon energy (Lanzara et al, 2001). 



The ARPES results presented in this section indi- 
cate that in addition to the electron self-energy correc- 
tions due to electron-electron correlations, which are re- 
sponsible for the renormalization of the electronic struc- 
ture o£_thc cuprates over a large energy scale (see, e.g.. 
Sec. IV.A), also the contribution from electron-phonon 
interaction must be taken into account, as the latter ap- 
pears to have a direct influence on the quasiparticle dy- 
namics. In this regard 3hen et al. (200l"b| ) went a step 
further and, by considering both the diagonal and ofF- 
diagonal channels of electron-phonon coupling for p and 
ri-type HTSC superconductors, asserted that electron- 
phonon interaction is also an essential ingredient to pair- 
ing (a more detailed discussion of this issue is however 
beyond the scope of our review). 



3. Discussion 



Fig. ^directly compares the low-temperature ARPES 
spectra taken with 55 eV photons on overdoped (OD), 
optimally doped (OP) and underdoped (UD) Bi2212. 
It should be emphasized that these data were recorded 
along the nodal direction, where th e two bilayer split 
bands are degenerate in energy (Sec. tV.C.2 ). The most 
important aspect is that these spectra are characterized 
by a clear peak-dip-hump structure, in strong resem- 
blance with both the simulated spectral function for an 
electron-phonon coupled systems (Fig. ^ right panel), 
and the results for the Be(OOOl) surface state presented 
in Fig. |69|a. Note that the peak-dip-hump structure is 
better resolved in thes e data than in those re ported in 
an earlier publication ( Bogdanov et at, 2000] ) because 



of the improved signal-to-noise ratio and possibly the 
higher photon energy used in the more recent experi- 
ments. Furthermore, the dip energy marked by dashed 



lincf in Fig. 79| corresponds to that of the kink in the dis- 
persion (Fig[78|). However, while the kink is still recogniz- 
able above Tc, the peak-dip- hump structure is smeared 
out at high temperature. Similar results were also ob - 
tained alon g the nodal dire ction for LSCO ( Zhou, 2001 ) 
and Bi2201 ( [Lanzara, 2002| ). In particular, for Bi2201 the 
peak-dip-hump structure could be clearly observed also 
above Tc, as this is low enough that the system can be 
studied in the normal state avoiding, at the same time, 
excessive thermal broadening. 

From the ratio of the quasipar ticle velocities at en - 
ergies above and below the kink, Lanzara et al. (2001) 
estimated the quantity A' which is proportional to the 
electron-phonon coupling parameter A [note that thi s is 
the same procedure already discussed in Sec. VIII. A for 
Be(OOOl); however, in the present case because of the 
underlying electron-electron correlations the quasiparti- 
cle velocity is already strongly renormalized over a large 
energy scale]. The doping dependence of A' is presented 
in Fig.[7^f and it clearly shows that the electron-phonon 
coupling increases in all the systems (i.e., LSCO, Bi2201, 
and Bi2212) upon reducing the doping level. 



As we have seen throughout this section, the investi- 
gation of the self-energy corrections in Bi2212 is an ex- 
tremely complex issue. There are now strong evidences 
that the normal and superconducting state low-energy 
dispersion along the nodal direction is characterized by 
a sharp break accompanied by a double peak structure 
in the EDCs (as indicated not only by the data from 
Bi2212 but also from Bi2201 and LSCO). This identifies 
an energy scale in the quasiparticle dynamics which is 
naturally explained as a consequence of relatively strong 
electron-phonon coupling. On the other hand, the results 
we discussed for the antinodal region arc much less cer- 
tain because of the complications due to the superstruc- 
ture contaminations and bilayer splitting effects. Most 
recently, however, new and more convincing evidence for 
the presence of a kink in the Bi2212 quasiparticle disper- 



sion ne ar (7r,0) below Tc was reported by Gromko et al. 
(20024 |b|). As shown in Fig.^O|a where the normal state 



ARPES intensity from overdoped Bi2212 along the (7r,7r)- 
(7r,0)-(7r,— tt) direction is presented, these authors could 
clearly resolved the bonding and antibonding split bands 
as well as their superstructure replicas. Below Tc = 58 K 
(Fig. ^o|b) , one can observe the opening of the supercon- 
ducting gap and the sharpening and/or intensity increase 
of the low energy peaks, which give rise to the traditional 
(tTjO) peak-dip-hump structure. In addition, the bonding 
band MDC-derived dispersion, which was linear above 
Tc, is now characterized by a sharp kink at 40 meV (this is 
further substantiated by the detailed study on a Tc = 71 K 
overdoped sample presented in Fig. ^o|c). It has to be em- 
phasized that, on the one hand, this wor k confirms prior 
reports [see, e.g., Norman et al. (2001a )]. On the other 
hand, while the kink in the (7r,0) region was believed 
to be connected to the traditional peak-dip-hump struc- 
ture, these results indicate the independency of the two 
phenomena, with the traditional peak-dip-hump struc- 
turc being simply a b ilayer splitting effect. Furthermore, 
Gromko et al. (2002a) reported that the emergence of the 
(7r,0) kink at 40meV in the bonding band is accompanied 
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FIG. 80 (a) Normal and (b) superconducting state ARPES 
intensity measured on overdoped Bi2212 (Tc — 58 K) with 
20 eV photons [red and black lines: bonding (B) and anti- 
bonding (A) band dispersion; SS: superstructure replica], (c) 
MDC-derived dispersion along (7r,0)-(7r,-7r). Inset: tempera- 
ture dependence of E' (oj) defined as the difference between the 
data and the linear fit to the 85 K result, (d) Doping depen- 
dence of kink energy, gap magnitude (from peak and leading- 
edge midpoint positions), an d resonant mode frequ ency (neu- 
tron scattering data). After Gromko et al. (2002b) [Color]. 



by the development of a separate antinodal peak-dip- 
hump structure much weaker th an the traditional one, 
consistent with an earlier report [Feng et al. (2001); see 
crosses and bars in Fig.pJ 



From the compariso n betwe en the results above and 
those presented in Sec. VIII. C, it is clear that the kinks 
in the antinodal and nodal dispersions have a completely 
different origins: (i) while the former has a dramatic 
temperature dependence and is observed only below Tc 
(Fig. p0|3), the latter is seen already above Tc and is es- 
sentially indep endent of temperature (Fig. [73). (ii) As 
summarized by Gromko et al. (2002b ) in Fig. ^0|d where 



several energy scales are plotted versus doping, the antin- 
odal kink has a characteristic energy significantly smaller 
than the nodal one. (iii) Different is also the doping de- 
pendence of the energy scale (Fig.|80|d), and of the mag- 
nitude of the velocity renormalization; as for the latter, 
which is proportional to the coupling strength, while the 
nodal kink gets weaker upon increasing doping, the antin- 
odal one remains very strong in the overdoped regime. "^^ 



^'^ It should be noted that it is hard to judge whether in the antin- 
odal region there is an additional kink at higher binding energies, 
similar to the one observed along the nodal direction. This is due 
to the very limited energy range of the data at (tt. Oh which is 
defined by the bottom of the bonding band (see Fig, andpcj). 



Because the antinodal kink is clearly associated with 
the onset of superconductivity and it is limited to a small 
momentum space region aro und (7r,0) where the s upcr- 
conducting gap is maximum, Gromko et al. (2002b ) sug- 
gested that this effect is due to the coupling between the 
electrons and the Q — (tt, tt) magnetic resonant mode. 
This, in turn, could be the source of pairing for high-Tj, 
superconductivity. However, in this regard a few caveats 
have to be mentioned. First of all, there are alterna- 
tive explanations for the observed effect that have to be 
ruled out, such as the very same opening of the super- 
conducting gap and the dramatic change in quasiparticle 
dynamics associated with it (see Sec. VI). Furthermore, 
at this stage there is no experimental evidence from in- 
elastic neutron scattering experiments for the existence 
of the resonant mode in the extremely overdoped regime 
(Tc ~ 58 K), where the antinodal kink remain very strong. 
For a more conclusive assignment, a careful and more de- 
tailed investigation of these issues is required. 



IX. CONCLUDING REMARKS 

The results discussed in the course of this review article 
demonstrate that the HTSCs are complex materials char- 
acterized by many competing degrees of freedom. As a 
consequence, both the experimental investigation and the 
theoretical understanding are extremely difficult. How- 
ever, the remarkable improvement of the ARPES tech- 
nique has allowed the community to considerably deepen 
our knowledge of the electronic structure of cuprates, a 
fundamental step towards the development of a compre- 
hensive theoretical description of these systems. 

Looking back at the last decade, there are many topics 
for which the ARPES results have obtained a general con- 
sensus and have profoundly impacted our understanding 
of the physics of the copper oxide superconductors, (i) 
The importance of electronic correlations (Mott physics), 
and the renormalization of the bandwidth from t to J 
scale for the undoped parent compounds of the HTSCs. 
(ii) The existence of a well defined FS for the overdoped 
metal in all the different families of cuprates; in this con- 
text, the observation of two bilayer split sheets of FS 
in Bi2212 is the most direct evidence for the remark- 
able precision achieved by these measurements, (iii) The 
qualitative doping evolution of the electronic structure 
in the different HTSC families, and the influence of AF 
correlations in the p-type underdoped cuprates and espe- 
cially in the n-type ones, in which the hot-spot physics is 
still observed at optimal doping, (iv) The overall d-wave 
symmetry of the superconducting gap detected below Tc 
in both hole and electron doped systems, which supports 
the universality of the pairing nature in the HTSCs. (v) 
The opening of the normal-state pseudogap at a temper- 
ature T* > Tc in the underdoped regime, with a d-wave 
form similar to the one of the superconducting gap. (vi) 
The emergence of a coherent quasiparticle peak below Tc 
near (7r,0) in Bi2212, whose spectral weight scales with 
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the doping level x in the underdoped regime, (vii) The 
presence of an energy scale of about 40-80 meV in the 
quasiparticle dynamics, as evidenced by the sharp dis- 
persion renormalization and drop in the scattering rate 
observed at those energies at different momenta. Inde- 
pendently of its final interpretation, this latter effect is 
likely of great significance to pairing because its energy 
scale falls in between the values of J and A. 

Looking towards the future, ARPES as a technique 
continues to experience a rapid development. In gas- 
phase photoemission experiments, which however are 
performed in a very different configuration, the energy 
resolution has now reached exceptional values of better 
than 0.01 meV (HoUcnstcin et ai, 2001). One would ex- 
pect further progress also in solid state experiments. In 
addition to that, the most significant technological ad- 
vances include the implementation of circularly polar- 
ized photon sources, spin-polarized detectors, and time- 
resolved systems. I n this regard, it should be mentioned 
that most recently Kaminski et al. (2002), by detecting 



a difference in the ARPES intensity measured with left 
and right circularly polarized photons on Bi2212 at (7r,0), 
concluded that the opening of the normal-state pseudo- 
gap below T* in the underdoped regime corresponds to 
a phase transition into a state characterized by a spon- 
tan eously broken time-reversal symmetry [as suggested 
by Varma (200C| )]. In turn, this would imply that T* 
identifies a new phase transition rather than the fiuctu- 
ation regime for the superconducting order parameter. 
Although the validity of these conclusions remains to 
be tested further, this and other new experiments, not 
only limited to the sp ecific field of HTSCs [for a gen- 
eral overview see, e.g., Grioni (2001)], indicate that the 



study of the electronic structure of complex materials by 
ARPES will remain a vibrant and rapidly evolving field. 



Acknowledgments 

We would first like to express our gratitude to the 
current and former members of the Stanford photoemis- 
sion group for their cooperation, daily discussions, and 
many useful comments: N.P. Armitage, P. Bogdanov, 
Y. Chen, T. Cuk, D.S. Dessau, H. Eisaki, D.L. Feng, 
S.L. Friedmann, M.Z. Hasan, J.M. Harris, N.J.C. Ingle, 
S.A. Kellar, C. Kim, D.M. King, A. Lanzara, W.S. Lee, 
A.G. Loeser, D.H. Lu, D.S. Marshall, A.Y. Matsuura, 
T.-U. Nahm, C.-H. Park, A.V. Puchkov, F. Ronning, 
M.C. Schabel, K.M. Shen, Z.Y. Wang, B.O. Wells, P.J. 
White, W.L.Yang, and X.J. Zhou. We also would like to 
take this opportunity to acknowledge our collaborators 
in the field: A.V. Balatsky, R.J. Birgeneau, D.A. Bonn, 
E.W. Carlson, J.N. Eckstein, V.J. Emery, A. Fujimori, 
M. Greven, W.N. Hardy, A. Ino, A. Kapitulnik, M.A. 
Kastner, K. Kishio, S.A. Kivelson, R. Liang, S. Maekawa, 
Y. Maeno, L.L. Miller, T. Mizokawa, N. Nagaosa, D. Or- 
gad, F. Parmigiani, G.A. Sawatzky, J.R. Schrieffer, W.E. 
Spicer, H. Takagi, S. Tajima, T. Timusk, T. Tohyama, 



Y. Tokura, S. Uchida, D. van der Marel, T. Yoshida, R. 
Yosjizaki, and Z.-X. Zhao. Over the years, we have also 
benefited tremendously from scientific discussions with 
S. Doniach, R.B. Laughlin, and S.-C. Zhang, and many 
other colleagues: E. Abrahams, P. Aebi, O.K. Andersen, 
P.W. Anderson, E. Arrigoni, A. Bansil, J.C. Campuzano, 
S. Chakravarty, A.V. Chubukov, E. Dagotto, J.C. Davis, 
H. Ding, Y. Endoh, M.E. Flatte, H. Fukuyama, D.-H. 
Lee, W. Hanke, W.A. Harrison, M. Imada, P.D. Johnson, 
B. Keimer, P.A. Lee, R.S. Markiewicz, J. Mesot, A. J. 
Millis, K.A. Moler, H.A. Mook, M.R. Norman, N.P. Ong, 
J. Orenstein, J. Osterwalder, S.H. Pan, M. Randeria, S. 
Sachdev, D.J. Scalapino, N.V. Smith, M. Tachiki, J.M. 
Tranquada, Y.J. Uemura, CM. Varma, M.G. Zacher, 
and J. Zaanen. Last, it is a pleasure to thank E. Abra- 
hams, P. Aebi, N.P. Armitage, E. Arrigoni, T. Cuk, 
N.J.C. Ingle, D.H. Lu, D.W. Lynch, R.S. Markiewicz, N. 
Nagaosa, M.R. Norman, F. Ronning, K.M. Shen, J. van 
den Brink, for the critical reading of this review article. 
This project was carried out at the Stanford Synchrotron 
Radiation Laboratory (SSRL) which is operated by the 
DOE Office of Basic Energy Sciences, Division of Chem- 
ical Sciences. The Office's Division of Materials Science 
has provided funding for this project. The Stanford work 
was also supported by the NFS Grant No. DMR0071897 
and ONR Grant No. N00014-98-1-0195. 



References 

Abanov, A., and A. V. Chubukov, 1999, Phys. Rev. Lett. 83, 
1652. 

Abrahams, E., and C. M. Varma, 2000, Proc. Natl. Acad. Sci. 
USA 97, 5714. 

Abrikosov, A. A., J. C. Campazuno, and K. Gofron, 1993, 

Physica C 214, 73. 
Abrikosov, A. A., L. P. Gor'kov, and I. E. Dzyaloshinskii, 

1965, Quantum Field Ttieoretical Methods in Statistical 

Physics (Pergamon Press, Oxford). 
Aebi, P., J. Osterwalder, P. Schwaller, H. Berger, C. Beeli, 

and L. Schlapback, 1995, J. Phys. Chem. Solids 56, 1845. 
Aebi, P., J. Osterwalder, P. Schwaller, L. Schlapbach, M. Shi- 

moda, T. Mochiku, and K. Kadowaki, 1994, Phys. Rev. 

Lett. 72, 2757. 

Affleck, L, and J. B. Marston, 1988, Phys. Rev. B 37, 3774. 
Allen, J. W., C. G. Olson, M. B. Maple, J. S. Kang, L. Z. Liu, 

J. H. Park, R. O. Anderson, W. P. EUis, J. T. Markert, 

Y. Dalichaoch, and R. Liu, 1990, Phys. Rev. Lett. 64, 595. 
Andersen, O. K., O. Jepsen, A. I. Liechtenstein, and I. I. 

Mazin, 1994, Phys. Rev. B 49, 4145. 
Andersen, O. K., A. I. Liechtenstein, O. Jepsen, and 

F. Paulsen, 1995, J. Phys. Chem. Solids 56, 1573. 
Andersen, O. K., A. I. Liechtenstein, O. Rodriguez, I. I. 

Mazin, O. Jepsen, V. P. Aantropov, O. Gunnarsson, and 

S. Gopalan, 1991, Physica C 185-189, 147. 
Anderson, P. W., 1950, Phys. Rev. 79, 350. 
Anderson, P. W., 1959, Phys. Rev. 115, 2. 
Anderson, P. W., 1987, Science 235, 1196. 
Anderson, P. W., 1995, Science 268, 1154. 
Anderson, P. W., 1997, The Theory of Superconductivity in 

the High-Tc Cuprates (Princeton University Press, Prince- 



61 



ton). 

Anderson, P. W., 1998, Science 279, 1196. 

Anderson, P. W., 2000, Science 288, 480. 

Anderson, R. O., R. Claessen, J. W. Allen, C. G. Ol- 
son, C. Janowitz, L. Z. Liu, J.-H. Park, M. B. Maple, 
Y. Dalichaouch, M. C. de Andrade, R. F. Jardim, E. A. 
Early, et ai, 1993, Phys. Rev. Lett. 70, 3163. 

Armitage, N. P., D. H. Lu, D. L. Feng, C. Kirn, A. DarnasccUi, 
K. M. Shen, F. Ronning, Z.-X. Slicn, Y. Onosc, Y. Taguchi, 
and Y. Tokura, 2001a, Phys. Rev. Lett. 86, 1126. 

Armitage, N. P., D. H. Lu, C. Kim, A. Damascelli, K. M. 
Shen, F. Ronning, D. L. Feng, P. Bogdanov, Z.-X. Shen, 
Y. Onosc, Y. Taguchi, Y. Tokura, et al, 2001b, Phys. Rev. 
Lett. 87, 147003. 

Armitage, N. P., D. H. Lu, C. Kim, A. DarnasccUi, K. M. 
Shen, F. Ronning, Y. Onose, Y. Taguchi, Y. Tokura, and 
Z.-X. Shen, 2000, Physica C 341-348, 2083. 

Armitage, N. P., F. Ronning, D. H. Lu, C. Kim, A. Damas- 
ceUi, K. M. Shen, D. L. Feng, H. Eisaki, Z.-X. Shen, P. K. 
Mang, N. Kaneko, M. Greven, et al, 2002, Phys. Rev. Lett. 
88, 257001. 

Ashcroft, N. W., and N. D. Mermin, 1976, Solid State Physics 
(Saunders College, Philadelphia). 

Atkinson, W. A., 1999, Phys. Rev. B 59, 3377. 

Auerbach, A., 1994, Interacting Electrons and Quantum Mag- 
netism (Springer-Verlag, Berlin). 

Bachrach, R. Z., 1992, Synchrotron Radiation Research, Ad- 
vances in Surface and Interface Science, volume 1 (Plcrmm 
Press, New York). 

Balasubramanian, T., E. Jensen, X. L. Wu, and S. L. Hulbert, 
1998, Phys. Rev. B 57, 6866. 

Balents, L., M. P. A. Fisher, and C. Nayak, 1998, Int. J. Mod. 
Phys. B 12, 1033. 

Balents, L., M. P. A. Fisher, and C. Nayak, 1999, Phys. Rev. 
B 60, 1654. 

Balents, L., M. P. A. Fisher, and C. Nayak, 2000, Phys. Rev. 
B 61, 6307. 

Bansil, A., and M. Lindroos, 1995, J. Phys. Chem. Solids 56, 
1855. 

Bansil, A., and M. Lindroos, 1998, J. Phys. Chem. Solids 59, 
1879. 

Bansil, A., and M. Lindroos, 1999, Phys. Rev. Lett. 83, 5154. 
Bardeen, J., L. N. Cooper, and J. R. Schrieffer, 1957, Phys. 

Rev. 108, 1175. 
Bcamson, G., D. Briggs, S. F. Davics, I. W. Fletcher, D. T. 

Clark, J. Howard, U. Gelius, B. Wannberg, and P. Balzer, 

1990, Surf. Interface Anal. 15, 541. 
Bednorz, J. G., and K. A. Miiller, 1986, Zeit. Phys. B 64, 

189. 

Belinicher, V. I., A. L. Chernyslicv, and V. A. Shubin, 1996, 

Phys. Rev. B 54, 14914. 
Bergemann, C, S. R. Julian, A. P. Mackenzie, S. NishiZaki, 

and Y. Macno, 2000, Phys. Rev. Lett. 84, 2662. 
Berglund, C. N., and W. E. Spicer, 1964, Phys. Rev. 136, 

A1030. 

Bianconi, A., N. L. Saini, A. Lanzara, M. Missori, T. Rossetti, 
H. Oyanagi, H. Yamaguchi, K. Oka, and T. Ito, 1996, Phys. 
Rev. Lett. 76, 3412. 

Blumberg, G., A. Koitzsch, A. Gozar, B. S. Dennis, C. A. 
Kendziora, P. Fournier, and R. L. Greene, 2002, Phys. Rev. 
Lett. 88, 107002. 

Bogdanov, P. V., A. Lanzara, S. A. Kellar, X. J. Zhou, 
E. D. Lu, W. J. Zheng, G. Gu, J. -I. Sliinoyama, K. Kishio, 
H. Ikeda, R. Yoshizaki, Z. Hussain, et al., 2000, Phys. Rev. 



Lett. 85, 2581. 

Bogdanov, P. V., A. Lanzara, X. J. Zhou, S. A. Kellar, D. L. 

Feng, E. D. Lu, H. Eisaki, J. Shimoyama, K. Kishio, Z. Hus- 
sain, and Z.-X. Shen, 2001, Phys. Rev. B 64, 180505. 
Bonn, D. A., S. Kamal, K. Zhang, R. Liang, D. J. Baar, 

E. Klein, and W. N. Hardy, 1994, Phys. Rev. B 50, 4051. 
Borisenko, S. V., M. S. Golden, S. Legner, T. Pichler, C. Diirr, 

M. Knupfer, J. Fink, G. Yang, S. Abell, and H. Berger, 

2000, Phys. Rev. Lett. 84, 4453. 
Borisenko, S. V., A. A. Kordyuk, T. K. Kim, S. Legner, K. A. 

Nenkov, M. Knupfer, M. S. Golden, J. Fink, H. Berger, and 

R. FoUath, 2002, eprint cond-mat/0204557. 
Borisenko, S. V., A. A. Kordyuk, S. Legner, C. Diirr, 

M. Knupfer, M. S. Golden, J. Fink, K. Nenkov, D. Eck- 

ert, G. Yang, S. Abell, H. Berger, et al, 2001, Phys. Rev. 

B 64, 094513. 
Braun, J., 1996, Rep. Prog. Phys. 59, 1267. 
Brookes, N. B., G. Ghiringhelh, O. Tjernberg, L. H. Tjeng, 

T. Mizokawa, T. W. Li, and A. A. Menovsky, 2001, Phys. 

Rev. Lett. 87, 237003. 
Brundle, C. R., and A. D. Baker, 1977, Electron Spectroscopy: 

Theory, Techniques, and Applications, volume 1 (Academic 

Press, New York). 
Brundle, C. R., and A. D. Balcer, 1978, Electron Spectroscopy: 

Theory, Techniques, and Applications, volume 2 (Academic 

Press, New York). 
Buckingham, M. J., 1950, Phys. Rev. 80, 704. 
Bulut, N., D. J. Scalapino, and S. R. White, 1994, Phys. Rev. 

Lett. 73, 748. 

Campuzano, J. C, H. Ding, H. Fretwell, J. Mesot, A. Kamin- 
ski, T. Yokoya, T. T., M. T., and K. K., 1998, eprint cond- 

niat/9811349. 

Campuzano, J. C, H. Ding, M. R. Norman, H. M. Fretwell, 
M. Randeria, A. Kaminski, J. Mesot, T. Takeuchi, T. Sato, 
T. Yokoya, T. Takahashi, T. Mochiku, et al, 1999, Phys. 
Rev. Lett. 83, 3709. 

Campuzano, J. C, H. Ding, M. R. Norman, M. Randeira, 
A. F. Bellman, T. Yokoya, T. Takahashi, H. Katayama^- 
Yoshida, T. Mochiku, and K. Kadowaki, 1996, Phys. Rev. 
B 53, 14737. 

Cardona, M., and L. Ley, 1978, Photoemission in Solids, vol- 
ume 1 (Springer-Verlag, Berlin). 
Carlson, E. W., D. Orgad, S. A. Kivelson, and V. J. Emery, 

2000, Phys. Rev. B 62, 3422. 

Carlson, T. A., 1975, Photoelectron and Auger Spectroscopy 

(Plenum Press, New York). 
Castellani, C, C. Di Castro, and M. GriUi, 1995, Phys. Rev. 

Lett. 75, 4650. 

Chakravarty, S., P. Aebi, J. Osterwalder, P. Schwaller, 
L. Schlapbach, M. Shimoda, T. Mochiku, and K. Kadowaki, 
1995, Phys. Rev. Lett. 74, 1885. 

Chakravarty, S., B. I. Halperin, and D. R. Nelson, 1989, Phys. 
Rev. B 39, 2344. 

Chakravarty, S., R. B. Laughlin, D. K. Morr, and C. Nayak, 

2001, Phys. Rev. B 63, 094503. 

Chakravarty, S., A. Sudbo, P. W. Anderson, and S. Strong, 
1993, Science 261, 337. 

Chen, X. K., J. C. Irwin, H. J. Trodahl, T. Kimura, and 
K. Kishio, 1994, Phys. Rev. Lett. 73, 3290. 

Chernyslicv, A. L., A. H. Castro Neto, and A. R. Bishop, 
2000, Phys. Rev. Lett. 84, 4922. 

Chuang, Y.-D., A. D. Gromko, D. S. Dessau, Y. Aiura, Y. Ya- 
maguchi, K. Oka, A. J. Arko, J. Joyce, H. Eisaki, S. I. 
Uchida, S. I. Uchida, K. Nakamara, et al, 1999, Phys. Rev. 



62 



Lett. 83, 3717. 

Chuang, Y.-D., A. D. Gromko, A. Fedorov, Y. Aiura, K. Oka, 

Y. Ando, H. Eisaki, S. I. Uchida, and D. S. Dessau, 2001a, 

Phys. Rev. Lett. 87, 117002. 
Chuang, Y.-D., A. D. Gromko, A. V. Fedorov, Y. Aiura, 

K. Oka, Y. Ando, and D. S. Dessau, 2001b, eprint cond- 

mat/0107002. 
Chubukov, A. v., 1995, Phys. Rev. B 52, 3840. 
Chubukov, A. v., and D. K. Morr, 1998, Phys. Rev. Lett. 81, 

4716. 

Cooper, J. W., 1962, Phys. Rev. 128, 681. 

Courths, R., and S. Hiifner, 1984, Phys. Rep. 112, 53. 

Dagotto, E., 1994, Rev. Mod. Phys. 66, 763. 

Dagotto, E., A. Moreo, F. Ortolani, J. Riera, and D. J. 

Scalapino, 1991, Phys. Rev. Lett. 67, 1918. 
Dagotto, E., A. Nazarenko, and M. Boninsegni, 1994, Phys. 

Rev. Lett. 73, 728. 
Dagotto, E., A. Nazarenko, and A. Moreo, 1995, Phys. Rev. 

Lett. 74, 310. 

Dai, P., H. A. Mook, S. M. Hayden, G. Aepph, T. G. Perring, 
R. D. Hunt, and F. Dogan, 1999, Science 284, 1344. 

Dai, P., M. Yethiraj, F. A. Mook, T. B. Lindemer, and 
F. Dogan, 1996, Phys. Rev. Lett. 77, 5425. 

DamascelU, A., D. H. Lu, K. M. Shen, N. P. Armitage, 
F. Ronning, D. L. Feng, C. Kim, Z.-X. Shen, T. Kimura, 
Y. Tokura, Z. Q. Mao, and Y. Maeno, 2000, Phys. Rev. 
Lett. 85, 5194. 

Damascelli, A., D. H. Lu, and Z.-X. Shen, 2001a, J. Electron 

Spectr. Relat. Phenom. 117-118, 165. 
DamascelU, A., K. M. Shen, D. H. Lu, N. P. Armitage, 

F. Ronning, D. L. Feng, C. Kim, Z.-X. Shen, T. Kimura, 

Y. Tokura, Z. Q. Mao, and Y. Maeno, 2001b, J. Electron 

Spectr. Relat. Phenom. 114-116, 641. 
DamascelU, A., K. M. Shen, D. H. Lu, and Z.-X. Shen, 2001c, 

Phys. Rev. Lett. 87, 239702. 
Day, C, 2001, Phys. Today 54(4), 17. 

Derro, D. J., E. W. Hudson, K. M. Lang, S. H. Pan, J. C. 

Davis, J. T. Markert, and A. L. de Lozanne, 2002, Phys. 

Rev. Lett. 88, 097002. 
Dessau, D. S., Z.-X. Shen, D. M. King, D. S. MarshaU, L. W. 

Lombardo, P. H. Dickinson, A. G. Loeser, J. DiCarlo, C.-H. 

Park, A. Kapitulnik, and W. E. Spicer, 1993, Phys. Rev. 

Lett. 71, 2781. 

Dessau, D. S., B. O. Wells, Z.-X. Shen, W. E. Spicer, A. J. 

Arko, R. S. List, D. B. Mitzi, and A. Kapitulnik, 1991, 

Phys. Rev. Lett. 66, 2160. 
Di Stasio, M., K. A. Miiller, and L. Pietronero, 1990, Phys. 

Rev. Lett. 64, 2827. 
Dickinson, P. H., and S. Doniach, 1993, Phys. Rev. B 47, 

11447. 

Dietz, E., H. Becker, and U. Gerhardt, 1976, Phys. Rev. Lett. 
36, 1397. 

Ding, H., A. F. Bellman, ,J. C. Campuzano, M. Randeria, 
M. R. Norman, T. Yokoya, T. Takahashi, H. Katayama- 
Yoshida, T. Mochiku, K. Kadowaki, G. Jennings, and G. P. 
Brivio, 1996a, Phys. Rev. Lett. 76, 1533. 

Ding, H., J. C. Campuzano, A. F. Bellman, T. Yokoya, 
M. R. Norman, M. Randeria, T. Takahashi, H. Katayama- 
Yoshida, T. Mochiku, K. Kadowaki, and G. Jennings, 
1995a, Phys. Rev. Lett. 74, 2784. 

Ding, H., J. C. Campuzano, A. F. Bellman, T. Yokoya, 
M. R. Norman, M. Randeria, T. Takahashi, H. Katayama- 
Yoshida, T. Mochiku, K. Kadowaki, and G. Jennings, 
1995b, Phys. Rev. Lett. 75, 1425. 



Ding, H., J. R. Engelbrecht, Z. Wang, J. C. Campuzano, S.-C. 
Wang, H.-B. Yang, R. Rogan, T. Takahashi, K. Kadowaki, 
and D. G. Hinks, 2001, Phys. Rev. Lett. 87, 227001. 

Ding, H., M. R. Norman, J. C. Campuzano, M. Randeria, 
A. F. Bellman, T. Yokoya, T. Takahashi, T. Mochiku, and 
K. Kadowaki, 1996b, Phys. Rev. B 54, 9678. 

Ding, H., M. R. Norman, T. Yokoya, T. Takeuchi, M. Ran- 
deria, J. C. Campuzano, T. Takahashi, T. Mochiku, and 
K. Kadowaki, 1997, Phys. Rev. Lett. 78, 2628. 

Ding, H., T. Yokoya, J. C. Campuzano, T. Takahashi, 
M. Randeria, M. R. Norman, T. Mochiku, K. Hadowaki, 
and J. Giapintzakis, 1996c, Nature 382, 51. 

Doniach, S., and M. Inui, 1990, Phys. Rev. B 41, 6668. 

Duo, L., S. De Rossi, P. Vavassori, F. Ciccacci, G. L. Olcese, 

G. Chiaia, and I. Lindau, 1996, Phys. Rev. B 54, 17363. 
Diirr, C, S. Legner, R. Hayn, S. V. Borisenko, Z. Hu, 

A. Theresiak, M. Knupfer, M. S. Golden, J. Fink, F. Ron- 
ning, Z.-X. Shen, H. Eisaki, et al, 2001, Phys. Rev. B 63, 
014505. 

Eastman, D. E., 1972, in Techniques of Metal Research, edited 
by E. Passaglia (Interscience Publisher, New York), volume 
VI, part L 

Eberhardt, W., and F. J. Himpsel, 1980, Phys. Rev. B 21, 
5572. 

Economou, E. N., 1983, Green's Functions in Quantum 
Physics, volume 7 of Springer Series in Solid State Science 
(Springer- Verlag, Berlin). 

Eder, R., Y. OUta, and G. A. Sawatzky, 1997, PUys. Rev. B 
55, 3414. 

Edwards, H. L., J. T. Markert, and A. L. de Lozanne, 1992, 
Phys. Rev. Lett. 69, 2967. 

Einstein, A., 1905, Ann. Physik 31, 132. 

Eisaki, H., N. Kaneko, D. L. Feng, A. Damascelli, P. K. Mang, 
K. M. Shen, M. Greven, and Z.-X. Shen, 2002, preprint. 

Emery, V. J., 1987, Phys. Rev. Lett. 58, 2794. 

Emery, V. J., and S. A. Kivelson, 1993a, Physica C 209, 597. 

Emery, V. J., and S. A. Kivelson, 1993b, Phys. Rev. Lett. 71, 
3701. 

Emery, V. J., and S. A. Kivelson, 1995a, Nature 374, 434. 
Emery, V. J., and S. A. Kivelson, 1995b, Phys. Rev. Lett. 74, 
3253. 

Emery, V. J., S. A. Kivelson, and J. M. Tranquada, 1999, 

Proc. Natl. Acad. Sci. USA 96, 8814. 
Engelsberg, S., and J. R. Schrieffer, 1963, Phys. Rev. 131, 

993. 

Eroles, J., G. Ortiz, A. V. Balatsky, and A. R. Bishop, 2001, 

Phys. Rev. B 64, 174510. 
Eschrig, M., and M. R. Norman, 2000, Phys. Rev. Lett. 85, 

3261. 

Eschrig, M., and M. R. Norman, 2002, eprint cond- 
niat/0202083. 

Eskes, H., and R. Eder, 1996, Phys. Rev. B 54, 14226. 
Fan, H. Y., 1945, Phys. Rev. 68, 43. 

Fedorov, A. V., T. Valla, P. D. Johnson, Q. Li, G. D. Gu, and 
N. Koshizuka, 1999, Phys. Rev. Lett. 82, 2179. 

Feibelman, P. J., and D. E. Eastman, 1974, Phys. Rev. B 10, 
4932. 

Feng, D. L., N. P. Armitage, D. H. Lu, A. DamascelU, J. P. 
Hu, P. Bogdanov, A. Lanzara, F. Ronning, K. M. Shen, 

H. Eisaki, C. Kim, Z.-X. Shen, et al, 2001, Phys. Rev. 
Lett. 86, 5550. 

Feng, D. L., A. Damascelli, K. M. Shen, N. Motoyama, 
D. H. Lu, H. Eisaki, K. Shimizu, J. Shimoyama, K. Kishio, 
N. Kaneko, M. Greven, G. D. Gu, et al, 2002a, Phys. Rev. 



63 



Lett. 88, 107001. 
Feng, D. L., C. Kim, H. Eisaki, D. H. Lu, K. M. Shcn, 

F. Ronning, N. P. Armitagc, A. DamasccUi, N. Karicko, 
M. Greven, J. Shimoyama, K. Kishio, e£ al, 2002b, Phys. 
Rev. B 65, 220501. 

Feng, D. L., D. H. Lu, K. M. Shen, C. Kim, H. Eisaki, A. Dam- 
ascelli, R. Yoshizaki, J. Shimoyama, K. Kishio, G. D. Gu, 
S. Oh, A. Andrus, et al., 2000, Science 289, 277. 

Feng, D. L., W. J. Zheng, K. M. Shen, D. H. Lu, F. Ronning, 
J. Shimoyama, K. Kishio, G. Gu, D. V. der Marel, and 
Z.-X. Shen, 1999, eprint cond-mat/9908056. 

Fetter, A. L., and J. D. Walecka, 1971, Quantum Theory of 
Many-Particle Systems (McGraw-Hill, New York). 

Feucrbachcr, B., B. Fitton, and R. F. Willis, 1978, Photoemis- 
sion on the Electronic Properties of Surfaces (John Wiley 
& Sons, New York). 

Feuerbacher, B., and R. F. Willis, 1976, J. Phys. SoUd State 
Phys. 9, 169. 

Fink, J., N. Niicker, H. A. Romberg, and J. C. Fuggle, 1989, 

IBM J. Res. Dev. 33, 372. 
Fleck, M., A. I. Lichtenstein, E. Pavarini, and A. M. Oles, 

2000, Phys. Rev. Lett. 84, 4962. 
Fong, H. F., P. Bourges, Y. Sidis, L. P. Regnault, A. Ivanov, 

G. D. Gul, N. Koshizuka, and B. Keimer, 1999, Nature 
398, 588. 

Fong, H. F., B. Keimer, P. W. Anderson, D. Reznik, F. Dogan, 
and I. A. Aksay, 1995, Phys. Rev. Lett. 75, 316. 

Franz, M., and A. 3. Millis, 1998, Phys. Rev. B 58, 14572. 

FrctwcU, H. M., A. Kaminski, J. Mesot, J. C. Campuzano, 
M. R. Norman, M. Randeria, T. Sato, R. Gatt, T. Taka- 
hashi, and K. Kadowaki, 2000, Phys. Rev. Lett. 84, 4449. 

Fulde, P., 1995, Electron Correlations in Molecules and Solids 
(Springer- Verlag, Berlin). 

Furukawa, N., and T. M. Rice, 1998, J. Phys. Cond. Matt. 
10, L381. 

Furukawa, N., T. M. Rice, and M. Salmhofer, 1998, Phys. 

Rev. Lett. 81, 3195. 
Gadzuk, J. W., and M. Sunjic, 1975, Phys. Rev. B 12, 524. 
Garnier, M., K. Broucr, D. Purdic, M. Hcngsbcrgor, Y. Baer, 

and B. DcUcy, 1997, Phys. Rev. Lett. 78, 4127. 
Gavaler, J. R., 1973, Appl. Phys. Lett. 23, 480. 
Gobeh, G. W., F. G. Allen, and E. O. Kane, 1964, Phys. Rev. 

Lett. 12, 94. 

Gofron, K., ,J. C. Campuzano, A. A. Abrikosov, M. Lindroos, 

A. Bansil, H. Ding, D. KocUing, and B. Dabrowski, 1994, 
Phys. Rev. Lett. 73, 3302. 

Gofron, K., J. C. Campuzano, H. Ding, C. Gu, R. Liu, 

B. Dabrowski, B. W. Veal, W. Cramer, and G. Jennings, 

1993, J. Phys. Chem. Solids 54, 1193. 

Golden, M. S., C. Diirr, A. Koitzsch, S. Legner, Z. Hu, 

S. Borisenko, M. Knupfcr, and J. Fink, 2001, J. Electron 

Spectr. Relat. Phenom. 117-118, 203. 
Greber, T., T. J. Kreutz, and J. Osterwalder, 1997, Phys. 

Rev. Lett. 79, 4465. 
Greven, M., R. J. Birgeneau, Y. Endoh, M. A. Kastner, 

B. Keimer, M. Matsuda, G. Shirane, and T. R. Thurston, 

1994, Phys. Rev. Lett. 72, 1096. 

Grioni, M., 2001, J. Electron Spectr. Rclat. Phenom. 117- 

118, special issue on Strongly Correlated Systems. 
Gromko, A. D., Y.-D. Chuang, D. S. Dessau, K. Nakamura, 

and Y. Ando, 2000, eprint cond-mat/0003017. 
Gromko, A. D., Y.-D. Chuang, A. V. Fedorov, Y. Aiura, 

Y. Yamaguchi, K. Oka, Y. Ando, and D. S. Dessau, 2002a, 

eprint cond-mat/0205385. 



Gromko, A. D., A. V. Fedorov, Y.-D. Chuang, J. D. Ko- 
ralek, Y. Aiura, Y. Yamaguchi, K. Oka, Y. Ando, and D. S. 
Dessau, 2002b, eprint cond-mat/0202329. 

Guinea, F., R. S. Markiewicz, and M. A. H. Vozmediano, 
2002, eprint cond-mat/0206208. 

Gweon, G.-H., J. D. Denlinger, J. W. Allen, R. Claessen, 

C. G. Olson, H. Hochst, J. Marcus, C. Schlenker, and 
L. F. Schnoomoyer, 2001, J. Electron Spectr. Relat. Phe- 
nom. 117-118, 481. 

Haas, S., A. Moreo, and E. Dagotto, 1995, Phys. Rev. Lett. 
74, 4281. 

Haffner, S., D. M. Brammeier, C. G. Olson, L. L. Miller, and 

D. W. Lynch, 2001, Phys. Rev. B 63, 212501. 

Haffner, S., C. G. Olson, L. L. Miller, and D. W. Lynch, 2000, 

Phys. Rev. B 61, 14378. 
Han, J. H., Q.-H. Wang, and D.-H. Lee, 2000, eprint cond- 

mat/0006046. 

Hansen, E. D., T. Miller, and T.-C. Chiang, 1997a, Phys. 

Rev. Lett. 78, 2807. 
Hansen, E. D., T. Miller, and T.-C. Chiang, 1997b, Phys. 

Rev. B 55, 1871. 
Hardy, W. N., D. A. Bonn, D. C. Morgan, R. Liang, and 

K. Zhang, 1993, Phys. Rev. Lett. 70, 3999. 
Harima, N., A. Fujimori, T. Sugaya, and L Terasaki, 2002, 

eprint cond-mat/0203154. 
Harima, N., J. Matsuno, A. Fujimori, Y. Onose, Y. Taguchi, 

and Y. Tokura, 2001, Phys. Rev. B 64, 220507. 
Harris, J. M., Z.-X. Shen, P. J. White, D. S. Marshall, M. C. 

Schabel, J. N. Eckstein, and L Bozovic, 1996, Phys. Rev. 

B 54, 15665. 

Harris, J. M., P. J. White, Z.-X. Shen, H. Ikeda, R. Yoshizaki, 
H. Eisaki, S. Uchida, W. D. Si, J. W. Xiong, Z.-X. Zhao, 
and D. S. Dessau, 1997, Phys. Rev. Lett. 79, 143. 

He, H., Y. Sidis, P. Bourges, G. D. Gu, A. Ivanov, 
N. Koshizuka, B. Liang, C. T. Lin, L. P. Regnault, 

E. Schoenherr, and B. Keimer, 2001, Phys. Rev. Lett. 86, 
1610. 

Hedin, L., and S. Lundqvist, 1969, in Solid State Physics: Ad- 
vances m Research and Applications, edited by H. Ehren- 
reich, F. Seitz, and D. TurnbuU (Academic, New York), 
volume 23. 

Hengsberger, M., R. Fresard, D. Purdie, P. Segovia, and 
Y. Baer, 1999a, Phys. Rev. B 60, 10796. 

Hengsberger, M., D. Purdie, P. Segovia, M. Garnier, and 

Y. Baer, 1999b, Phys. Rev. Lett. 83, 592. 
Hermanson, J., 1977, Solid State Commun. 22, 9. 
Hertz, H., 1887, Ann. Phys. 17, 983. 
Himpsel, F. J., 1983, Adv. Phys. 32, 1. 

Hiroi, Z., N. Kobayashi, and M. Takano, 1994, Nature 371, 
139. 

Hiroi, Z., N. Kobayashi, and M. Takano, 1996, Physica C 266, 
191. 

Hodges, C, H. Smith, and J. W. Wilkins, 1971, Phys. Rev. 
B 4, 302. 

Hofmann, P., Y. Q. Cai, C. Griitter, and J. H. Bilgram, 1998, 

Phys. Rev. Lett. 81, 1670. 
Hollenstein, U., R. Seller, H. Schmutz, M. Andrist, and 

F. Merkt, 2001, J. Chem. Phys. 115, 5461. 
Honerkamp, C, M. Salmhofer, N. Furukawa, and T. M. Rice, 

2001, Phys. Rev. B 63, 035109. 
Huang, Q., J. F. Zasadzinski, N. Tralshawala, K. E. Gray, 
D. G. Hinks, J. L. Peng, and R. L. Greene, 1990, Nature 
347, 369. 

Hubbard, J., 1964a, Proc. R. Soc. London A 277, 237. 



64 



Hubbard, J., 1964b, Proc. R. Soc. London A 281, 401. 
Hiifncr, S., 1995, Photoelectron Spectroscopy (Springcr- 
Vcrlag, Berlin). 

Hwu, Y., L. Lozzi, M. Marsi, S. La Rosa, M. Winokur, 
P. Davis, M. Onellion, H. Berger, F. Gozzo, F. Levy, and 

G. Margaritondo, 1991, Phys. Rev. Lett. 67, 2573. 
Ichioka, M., and K. Machida, 1999, J. Phys. Soc. Jpn. 68, 

4020. 

Imada, M., 1993, J. Phys. Soc. Jpn. 62, 1105. 

Imada, M., A. Fujimori, and Y. Tokura, 1998, Rev. Mod. 
Phys. 70, 1039. 

Inglesfield, J. E., and B. W. Holland, 1981, in The Chemi- 
cal Physics of Solid Surfaces and Heterogeneous Catalysis, 
edited by D. A. King and D. P. Woodruff (Elsevier Scien- 
tific Publishing Co., Amsterdam), volume 1. 

Ino, A., C. Kim, T. Mizokawa, Z.-X. Shen, A. Fujimori, 
M. Takaba, K. Tamasaku, H. Eisaki, and S. Uchida, 1999, 
J. Phys. Soc. Jpn. 68, 1496. 

Ino, A., C. Kim, M. Nakamura, T. Yoshida, T. Mizokawa, 
A. Fujimori, Z.-X. Shen, T. Kakeshita, H. Eisaki, and 
S. Uchida, 2002, Phys. Rev. B 65, 094504. 

Ino, A., C. Kim, M. Nakamura, T. Yoshida, T. Mizokawa, 
Z.-X. Shen, A. Fujimori, T. Kakeshita, H. Eisaki, and 
S. Uchida, 2000, Phys. Rev. B 62, 4137. 

Ino, A., T. Mizokawa, A. Fujimori, K. Tamesalcu, H. Eisaki, 
S. Uchida, T. Kimura, T. Sasagawa, and K. Kishio, 1997, 
Phys. Rev. Lett. 79, 2101. 

Ino, A., T. Mizokawa, K. Kobayashi, A. Fujimori, 
T. Sasagawa, T. Kimura, K. Kishio, K. Tamasaku, 

H. Eisaki, and S. Uchida, 1998, Phys. Rev. Lett. 81, 2124. 
loffe, L. B., and A. J. Millis, 1996, Phys. Rev. B 54, 3645. 
Jacobs, T., S. Sridhar, Q. Li, G. D. Gu, and N. Koshizuka, 

1995, Phys. Rev. Lett. 75, 4516. 
Jahn, H. A., and E. Teller, 1937, Proc. R. Soc. London A 61, 
220. 

Johnson, P. D., A. V. Fedorov, and T. Valla, 2001a, J. Elec- 
tron Spectr. Relat. Phenom. 117-118, 153. 

Johnson, P. D., T. Valla, A. V. Fedorov, Z. Yusof, B. O. 
Wells, Q. Li, A. R. Moodenbaugh, G. D. Gu, N. Koshizuka, 
C. Kendziora, S. Jian, and D. G. Hinks, 2001b, Phys. Rev. 
Lett. 87, 177007. 

Jorgensen, J. D., M. A. Beno, D. G. Hinks, L. Soderholm, 
K. J. Volin, R. L. Hitterman, J. D. Grace, I. K. SchuUer, 
C. U. Segre, K. Zhang, and M. S. Kleefisch, 1987, Phys. 
Rev. B 36, 3608. 

Joyce, J. J., A. J. Arko, J. Lawrence, P. C. Canfield, Z. Fisk, 
R. J. Bartlett, and J. D. Thompson, 1992, Phys. Rev. Lett. 
68, 236. 

Kaindl, G., M. Domke, C. Laubschat, E. Weschke, and 
C. Xue, 1992, Rev. Sci. lustrum. 63, 1234. 

Kaminski, A., J. Mesot, H. Fretwell, J. C. Campuzano, M. R. 
Norman, M. Randeria, H. Ding, T. Sato, T. Takahaski, 
T. Mochiku, K. Kadowaki, and H. Hoechsts, 2000, Phys. 
Rev. Lett. 84, 1788. 

Kaminski, A., M. Randeria, J. C. Campuzano, M. R. Nor- 
man, H. Fretwell, J. Mesot, T. Sato, T. Takahashi, and 
K. Kadowaki, 2001, Phys. Rev. Lett. 86, 1070. 

Kaminski, A., S. Rosenkranz, H. M. Fretwell, J. C. Cam- 
puzano, Z. Li, H. Raffy, W. G. CuUen, H. You, C. G. Olson, 
C. M. Varma, and H. Hochst, 2002, Nature 416, 610. 

Kampf, A., and J. R. Schrieffer, 1990a, Phys. Rev. B 41, 6399. 

Kampf, A. P., and J. R. Schrieffer, 1990b, Phys. Rev. B 42, 
7967. 

Kevan, S. D., 1992, Angle Resolved Photoemission- Theory and 



Current Applications (Elsevier Science, Amsterdam). 
Kevan, S. D., and E. Rotenberg, 2001, J. Electron Spectr. 

Relat. Phenom. 117-118, 57. 
Kim, C, 2001, J. Electron Spectr. Relat. Phenom. 117-118, 

503. 

Kim, C, A. Y. Matsuura, Z.-X. Shen, N. Motoyama, 
H. Eisaki, S. Uchida, T. Tohyama, and S. Maekawa, 1996, 
Phys. Rev. Lett. 77, 4054. 

Kim, C, F. Ronning, A. Damascelli, D. L. Feng, Z.-X. Shen, 
B. O. Wells, Y. J. Kim, R. J. Birgeneau, M. A. Kastner, 
L. L. Miller, H. Eisaki, and S. Uchida, 2002, Phys. Rev. B 
65, 174516. 

Kim, C, Z.-X. Shen, N. Motoyama, H. Eisaki, S. Uchida, 
T. Tohyama, and S. Maekawa, 1997, Phys. Rev. B 56, 
15589. 

Kim, C, P. J. White, Z.-X. Shen, T. Tohyama, Y. Shibata, 
S. Maekawa, B. O. Wells, Y. J. Kim, R. J. Birgeneau, and 
M. A. Kastner, 1998, Phys. Rev. Lett. 80, 4245. 

Kimura, H., K. Hirota, C.-H. Lee, K. Yamada, and G. Shi- 
rane, 2000, J. Phys. Soc. Jpn. 69, 851. 

King, D. M., D. S. Dessau, A. G. Loeser, Z.-X. Shen, and 

B. O. Wells, 1995, J. Phys. Chem. Solids 56, 1865. 
King, D. M., Z.-X. Shen, D. S. Dessau, B. O. Wells, W. E. 

Spicer, A. J. Arko, D. S. Marshall, J. DiCarlo, A. G. Loeser, 

C. H. Park, E. R. Ratner, J. L. Peng, et al., 1993, Phys. 
Rev. Lett. 70, 3159. 

Kipp, L., K. Rossnagel, C. Solterbeck, T. Strasser, W. Schat- 
tke, and M. Skibowski, 1999, Phys. Rev. Lett. 83, 5551. 

Kittcl, C, 1996, Introduction to Solid State Physics (John 
Wiley & Sons, New York). 

Kivelson, S. A., E. Fradkin, and V. J. Emery, 1998, Nature 
393, 550. 

Koch, E.-E., G. V. Marr, G. S. Brown, D. E. Moncton, 
S. Ebashi, M. Koch, and E. Rubenstein (eds.), 1991, Hand- 
book on Synchrotron Radiation (Elsevier Science, Amster- 
dam). 

Kohsaka, Y., T. Sasagawa, F. Ronning, T. Yoshida, C. Kim, 

T. Hanaguri, M. Azuma, M. Takano, Z.-X. Shen, and 

H. Takagi, 2001, preprint. 
Kokales, J. D., P. Fournier, L. V. Mercaldo, V. V. Talanov, 

R. L. Greene, and S. M. Anlage, 2000, Phys. Rev. Lett. 85, 

3696. 

Kordyuk, A. A., S. V. Borisenko, M. S. Golden, S. Legner, 
K. A. Nenkov, M. Knupfer, J. Fink, H. Berger, L. Forro, 
and R. Follath, 2002, Phys. Rev. B 66, 014502. 

Kordyuk, A. A., S. V. Borisenko, T. K. Kim, K. Nenkov, 
M. Knupfer, M. S. Golden, J. Fink, H. Berger, and R. Fol- 
lath, 2001, eprint cond-mat/0110379. 

Kotliar, G., and J. Liu, 1988, Phys. Rev. Lett. 61, 1784. 

Krakauer, H., and W. E. Pickett, 1988, Phys. Rev. Lett. 60, 
1665. 

Kuroda, Y., and C. M. Varma, 1990, Phys. Rev. B 42, 8619. 
Kusko, C, R. S. Markiewicz, M. Lindroos, and A. Bansil, 

2002, eprint cond-mat/0201117. 
Kyung, B., and R. A. Ferrell, 1996, Phys. Rev. B 54, 10125. 
La Rosa, S., I. Vobornik, F. Zwick, H. Berger, M. Gri- 

oni, G. Margaritondo, R. J. Kelley, M. Onellion, and 

A. Chubukov, 1997, Phys. Rev. B 56, 525. 
Landau, L. D., 1956, Sov. Phys. JETP 3, 920. 
Landau, L. D., 1957, Sov. Phys. JETP 5, 101. 
Landau, L. D., 1959, Sov. Phys. JETP 8, 70. 
Lanzara, A., 2002, preprint. 

Lanzara, A., P. V. Bogdanov, X. J. Zhou, S. A. Kellar, 

D. L. Feng, E. D. Lu, T. Yoshida, H. Eisaki, A. Fujimori, 



65 



K. Kishio, J. Shimoyama, T. Noda, et al., 2001, Nature 
412, 510. 

LaSholl, S., E. Jensen, and T. Balasubramanian, 2000, Phys. 
Rev. B 61, 2371. 

Laughlin, R. B., 1995, J. Low Temp. Phys. 99, 443. 

Laughlin, R. B., 1997, Phys. Rev. Lett. 79, 1726. 

Leckey, R. C. G., 1982, Appl. Surf. Sci. 13, 125. 

Lee, D.-H., 2000, Phys. Rev. Lett. 84, 2694. 

Lee, P. A., and N. Nagaosa, 1992, Phys. Rev. B 46, 5621. 

Lee, T. K., and C. T. Shih, 1997, Phys. Rev. B 55, 5983. 

Lema, F., and A. A. Aligia, 1997, Phys. Rev. B 55, 14092. 

Leung, P. W., B. O. Wells, and R. J. Gooding, 1997, Phys. 
Rev. B 56, 6320. 

Levi, B. G., 1990, Phys. Today 43(3), 20. 

Levi, B. G., 1993, Phys. Today 46(5), 17. 

Levi, B. G., 1996, Phys. Today 49(1), 19. 

Ley, L., and M. Cardona, 1979, Photoemission in Solids, vol- 
ume II (Springer- Verlag, Berlin). 

Liang, R., D. A. Bonn, and W. N. Hardy, 1998, Physica C 
304, 105. 

Lieb, E. H., and F. Y. Wu, 1968, Phys. Rev. Lett. 20, 1445. 

Liebsch, A., 1976, Phys. Rev. B 13, 544. 

Liebsch, A., 1978, in Electron and Ion Spectroscopy of Solids, 

edited by L. Fiermans, J. Vennik, and W. Dekeyser 

(Plenum Press, New York). 
Liechtenstein, A. I., O. Gunnarsson, O. K. Andersen, and 

R. M. Martin, 1996, Phys. Rev. B 54, 12505. 
Limonov, M. F., A. 1. Rykov, S. Tajima, and A. Yamanaka, 

2000, Phys. Rev. B 61, 12412. 
Lindau, I., and W. E. Spicer, 1980, in Synchrotron Radiation 

Research, edited by H. Winick and S. Doniach (Plenum 

Press, New York). 
Lindroos, M., and A. Bansil, 1995, Phys. Rev. Lett. 75, 1182. 
Lindroos, M., and A. Bansil, 1996, Phys. Rev. Lett. 77, 2985. 
Lindroos, M., S. Sahrakorpi, and A. Bansil, 2002, Phys. Rev. 

B 65, 054514. 

Littlewood, P. B., and C. M. Varma, 1991, J. Appl. Phys. 69, 
4979. 

Liu, R., B. W. Veal, C. Gu, A. P. PauUkas, P. Kostic, and 

C. G. Olson, 1995, Phys. Rev. B 52, 553. 
Liu, Z., and E. Manousakis, 1992, Phys. Rev. B 45, 2425. 
Loeser, A. G., Z.-X. Shen, D. S. Dessau, D. S. Marshall, G. H. 

Park, P. Fournier, and A. Kapitulnik, 1996, Science 273, 

325. 

Loeser, A. G., Z.-X. Shen, M. C. Schabel, C. Kim, M. Zhang, 
A. Kapitulnik, and P. Fournier, 1997, Phys. Rev. B 56, 
14185. 

Lu, D. H., D. L. Feng, N. P. Armitage, K. M. Shen, A. Dam- 
ascelli, C. Kim, F. Ronning, Z.-X. Shen, D. A. Bonn, 
R. Liang, W. N. Hardy, A. I. Rykov, et al, 2001, Phys. 
Rev. Lett. 86, 4370. 

Lu, D. H., M. Schmidt, T. R. Cummins, S. Schuppler, 
F. Lichtenberg, and J. G. Bednorz, 1996, Phys. Rev. Lett. 
76, 4845. 

Luttinger, J. M., 1960, Phys. Rev. 119, 1153. 

Luttinger, J. M., 1961, Phys. Rev. 121, 942. 

Lynch, D. W., and G. G. Olson, 1999, Photoemission Studies 
of High- Temperature Superconductors (Cambridge Univer- 
sity Press, Cambridge). 

Mackenzie, A. P., S. R. Julian, A. J. Diver, G. J. McmuUan, 
M. P. Ray, G. G. Lonzarich, Y. Maeno, S. Nishizaki, and 
T. Fujita, 1996, Phys. Rev. Lett. 76, 3786. 

Maekawa, S., T. Matsuura, Y. Isawa, and H. Ebisawa, 1988, 
Physica C 152, 133. 



Mahan, G. D., 1970, Phys. Rev. B 2, 4334. 

Mahan, G. D., 1978, in Electron and Ion Spectroscopy of 

Solids, edited by L. Fiermans, J. Vennik, and W. Dekeyser 

(Plenum Press, New York). 
Mahan, G. D., 1981, Many-Particle Physics (Plenum Press, 

New York). 

Makinson, R. E. B., 1949, Phys. Rev. 75, 1908. 

Margaritondo, G., and J. H. Weaver, 1983, in Methods of 
Experimental Physics: Surfaces, edited by M. G. Legally 
and R. L. Park (Academic Press, New York). 

Markiewicz, R. S., 1991, Int. J. Mod. Phys. B 5, 2037. 

Markiewicz, R. S., 1997, J. Phys. Chem. Solids 58, 1179. 

Markiewicz, R. S., 2000, Phys. Rev. B 62, 1252. 

Marshall, D. S., D. S. Dessau, A. G. Loeser, C.-H. Park, A. Y. 
Matsuura, J. N. Eckstein, I. Bozovic, P. Fournier, A. Ka- 
pitulnik, W. E. Spicer, and Z.-X. Shen, 1996, Phys. Rev. 
Lett. 76, 4841. 

Martensson, N., P. Baltzer, P. A. Bruhwiler, J.-O. Forsell, 
A. Nilsson, A. Stenborg, and B. Wannberg, 1994, J. Elec- 
tron Spectr. Rclat. Phonom. 70, 117. 

Massidda, S., J. Yu, and A. J. Freeman, 1988, Physica C 152, 
251. 

Mattheiss, L. F., 1987, Phys. Rev. Lett. 58, 1028. 
Matzdorf, R., Z. Fang, Ismail, J. Zhang, T. Kimura, 

Y. Tokura, K. Terakura, and E. W. Plummer, 2000, Science 

289, 746. 

Mazin, I. I., and D. J. Singh, 1997, Phys. Rev. Lett. 79, 733. 

McQueeney, R. J., Y. Petrov, T. Egami, M. Yethiraj, G. Shi- 
rane, and Y. Endoh, 1999, Phys. Rev. Lett. 82, 628. 

Meinders, M. B. J., 1994, Ph.D. Thesis (University of Gronin- 
gen, The Netherlands). 

Mesot, J., M. Boehm, M. R. Norman, M. Randcria, 
N. Mctoki, A. Kaminski, S. Rosenkranz, A. Hiess, H. M. 
FrctwcU, J. C. Campuzano, andK. Kadowaki, 2001a, eprint 
cond-mat/0102339. 

Mesot, J., M. R. Norman, H. Ding, M. Randeria, J. C. Cam- 
puzano, A. Paramekanti, H. M. Fretwell, A. Kaminski, 
T. Takeuchi, S. Yokoya, T. Sato, T. Takahashi, et al, 1999, 
Phys. Rev. Lett. 83, 840. 

Mesot, J., M. Randeria, M. R. Norman, A. Kaminski, H. M. 
Fretwell, J. C. Campuzano, H. Ding, T. Takeuchi, T. Sato, 
T. Yokoya, T. Takahashi, I. Chong, et al., 2001b, Phys. 
Rev. B 63, 224516. 

Miller, T., W. E. McMahon, and T.-C. Chiang, 1996, Phys. 
Rev. Lett. 77, 1167. 

Millis, A. J., 1999, Nature 398, 193. 

MitcheU, K., 1934, Proc. Roy Soc. London A 146, 442. 

Mitton, S., 1995, Science Watch 6(1), 1. 

Mitton, S., 1998, Science Watch 9(2), 1. 

Molcgraaf, H. J. A., C. Presura, D. van der Marel, P. H. Kes, 
and M. Li, 2002, Science 295, 2239. 

Moler, K. A., J. R. Kirtley, D. G. Hinks, T. W. Li, and M. Xu, 
1998, Science 279, 1193. 

Molodtsov, S. L., S. V. Hahlov, V. D. P. Servedio, W. Schnei- 
der, S. Danzenbacher, J. J. Hinarejos, M. Richter, and 
C. Laubschat, 2000, Phys. Rev. Lett. 85, 4184. 

Mook, H. A., F. Dogan, and B. C. Chakoumakos, 1998, eprint 
cond-mat/9811100. 

Mook, H. A., M. Yethiraj, G. Aepph, T. E. Mason, and 
T. Armstrong, 1993, Phys. Rev. Lett. 70, 3490. 

Moraghebi, M., C. Buhler, S. Yunoki, and A. Moreo, 2001, 
Phys. Rev. B 63, 214513. 

Mori, M., T. Tohyama, and S. Maekawa, 2001, eprint cond- 
mat/0110050. 



66 



Mott, N. F., 1949, Proc. Phys. Soc. London A 62, 416. 

Mott, N. F., 1956, Canad. J. Phys. A 34, 1356. 

Mott, N. F., 1974, Metal Insulator Transition (Taylor and 
Francis, London). 

Miiller, R., C. Janowitz, M. Schneider, R.-S. Unger, A. Krapf, 
H. Dwelk, A. Miiller, L. Dudy, R. Manzke, and H. Hoechst, 
2002, J. Supercond. 15, 147. 

Nagamatsu, J., N. Nakagawa, T. Muranaka, Y. Zenitani, and 
J. Akimitsu, 2001, Nature 410, 63. 

Nagaosa, N., and P. A. Lee, 2000, Phys. Rev. B 61, 9166. 

Nakano, T., N. Momono, M. Oda, and M. Ido, 1998, J. Phys. 
Soc. Jpn. 67, 2622. 

Nazarenko, A., K. J. E. Vos, S. Haas, E. Dagotto, and R. J. 
Gooding, 1995, Phys. Rev. B 51, 8676. 

Nemoshkalcuko, V. V., and V. G. Alcshin, 1979, Electron 
Spectroscopy of Crystals (Plenum Press, New York). 

Norman, M. R., 2001, Phys. Rev. B 63, 092509. 

Norman, M. R., and H. Ding, 1998, Phys. Rev. B 57, 11089. 

Norman, M. R., H. Ding, J. C. Campuzano, T. Takeuchi, 
M. Randcria, T. Yokoya, T. Takahashi, T. Mochiku, and 
K. Kadowaki, 1997, Phys. Rev. Lett. 79, 3506. 

Norman, M. R., H. Ding, H. FrctwcU, M. Randeria, and J. C. 
Campuzano, 1999, Phys. Rev. B 60, 7585. 

Norman, M. R., H. Ding, M. Randeria, J. C. Campuzano, 
T. Yokoya, T. Takeuchi, T. Takahashi, T. Mochiku, 
K. Kadowaki, P. Guptasarma, and D. G. Hinks, 1998a, 
Nature 392, 157. 

Norman, M. R., M. Eschrig, A. Karninski, and J. C. Cam- 
puzano, 2001a, Phys. Rev. B 64, 184508. 

Norman, M. R., A. Kaminski, J. Mesot, and J. C. Cam- 
puzano, 2001b, Phys. Rev. B 63, 140508. 

Norman, M. R., M. Randcria, H. Ding, and J. C. Campuzano, 
1998b, Phys. Rev. B 57, 11093. 

Nozicrcs, P., 1964, Theory of Interacting Fermi Systems (Ben- 
jamin, New York). 

Oguchi, T., 1995, Phys. Rev. B 51, 1385. 

Olson, C. G., R. Liu, D. W. Lynch, R. S. List, A. J. Arko, 
B. W. Veal, Y. C. Chang, P. Z. Jiang, and A. P. Paulikas, 
1990, Phys. Rev. B 42, 381. 

Olson, C. G., R. Liu, A.-B. Yang, D. W. Lynch, A. J. Arko, 
R. S. List, B. W. Veal, Y. C. Chang, P. Z. Jiang, and A. P. 
Paulikas, 1989, Science 245, 731. 

Orenstein, J., and A. J. Millis, 2000, Science 288, 468. 

Orgad, D., S. A. Kivclson, E. W. Carlson, V. J. Emery, X. J. 
Zhou, and Z.-X. Shcn, 2001, Phys. Rev. Lett. 86, 4362. 

Ostorwalder, J., P. Aebi, P. Schwallcr, L. Schlapbach, M. Shi- 
moda, T. Mochiku, and K. Kadowaki, 1995, Appl. Phys. A 
A60, 247. 

Patthey, F., J.-M. Imer, W.-D. Schneider, H. Beck, Y. Baer, 

and B. Dclley, 1990, Phys. Rev. B 42, 8864. 
Pcndry, J. B., 1975, J. Phys. Solid State Phys. 8, 2413. 
Pendry, J. B., 1976, Surf. Sci. 57, 679. 

Petrov, Y., T. Egami, R. J. McQueeney, M. Ycthiraj, H. A. 

Mook, and F. Dogan, 2000, eprint cond-mat/0003414. 
Pickett, W. E., 1989, Rev. Mod. Phys. 61, 433. 
Pines, D., 1997, Zeit. Phys. B 103, 129. 
Pines, D., and P. Nozieres, 1966, The Theory of Quantum 

Liquids, volume 1 (Benjamin, New York). 
Plummer, E. W., and W. Eberhardt, 1982, in Advances in 

Chemical Physics, edited by L Prigogine and S. A. Rice 

(John Wiley & Sons, New York), volume XLIV. 
Polturak, E., G. Koren, D. Cohen, and E. Aharoni, 1993, 

Phys. Rev. B 47, 5270. 
Presland, M. R., J. L. Tallon, R. G. Buckley, R. S. Liu, and 



N. E. Flower, 1991, Physica C 176, 95. 
Prouss, R., W. Hauke, and W. von dcr Linden, 1995, Phys. 

Rev. Lett. 75, 1344. 
Prozorov, R., R. W. Giannetta, P. Fournier, and R. L. Greene, 

2000, Phys. Rev. Lett. 85, 3700. 
Puchkov, A. v., D. N. Basov, and T. Timusk, 1996, J. Phys. 

Cond. Matt. 8, 10049. 
Puchkov, A. v., Z.-X. Shen, T. Kimura, and Y. Tokura, 1998, 

Phys. Rev. B 58, 13322. 
Randeria, M., and J.-C. Campuzano, 1997, eprint cond- 

mat/9709107. 

Randeria, M., H. Ding, J. C. Campuzano, A. Bellman, G. Jen- 
nings, T. Tokoya, T. Takahashi, H. Katayama-Yoshida, 
T. Mochiku, and K. Kadowaki, 1995, Phys. Rev. Lett. 74, 
4951. 

Rao, C. N. R., and B. Raveau, 1995, Transition Metal Oxides 

(VCH Publishers, New York). 
Rickayzen, G., 1991, Green's Functions and Condensed Mat- 
ter in Techniques of Physics, volume Vol. 7 (Academic 

Press, London). 
Ronning, F., C. Kim, D. L. Feng, D. S. Marshall, A. G. Loeser, 

L. L. Miller, J. N. Eckstein, L. Bozovic, and Z.-X. Shen, 

1998, Science 282, 2067. 
Ronning, F., C. Kim, K. M. Shen, N. P. Armitage, A. Dama- 

sceUi, D. H. Lu, D. L. Feng, Z.-X. Shen, L. L. Miller, Y.-J. 

Kim, F. Chou, and L Terasaki, 2002a, preprint. 
Ronning, F., T. Sasagawa, Y. Kohsaka, K. M. Shen, A. Dam- 

asceUi, C. Kim, T. Yoshida, N. P. Armitage, D. H. Lu, D. L. 

Feng, L. L. Miller, H. Takagi, et al, 2002b, preprint. 
Rossat-Mignod, J., L. P. Regnault, C. Vettier, P. Bourges, 

P. Burlet, J. Bossy, J. Y. Henry, and G. Lapertot, 1991, 

Physica C 185-189, 86. 
Rossnagcl, K., L. Kipp, M. Skibowski, C. Solterbeck, 

T. Strasscr, W. Schattkc, D. VoS, P. Kriigor, A. Mazur, 

and J. Pollmann, 2001, Phys. Rev. B 63, 125104. 
Rotenberg, E., J. Schaefer, and S. D. Keven, 2000, Phys. Rev. 

Lett. 84, 2925. 
Sachdev, S., 2000, Science 288, 475. 
Sachdev, S., and J. Yc, 1992, Phys. Rev. Lett. 69, 2411. 
Saini, N. L., J. Avila, A. Bianconi, A. Lanzara, M. C. Asensio, 

S. Tajima, G. D. Gu, and N. Koshizuka, 1997, Phys. Rev. 

Lett. 79, 3467. 

Saitoh, Y., T. Nakatani, T. Matsushita, T. Miyahara, M. Fuji- 

sawa, K. Soda, T. Muro, S. Uoda, H. Harada, A. Sckiyama, 
S. Imada, H. Daimon, et al., 1998, J. Synchrotron Rad. 5, 
542. 

Salkola, M. L, V. J. Emery, and S. A. Kivelson, 1996, Phys. 

Rev. Lett. 77, 155. 
Sato, T., T. Kamiyama, Y. Naitoh, T. Takahashi, L Chong, 

T. Terashima, and M. Takano, 2001a, Phys. Rev. B 63, 

132502. 

Sato, T., T. Kamiyama, T. Takahashi, K. Kurahashi, and 

K. Yamada, 2001b, Science 291, 1517. 
Sato, T., T. Kamiyama, T. TaJiahashi, J. Mesot, A. Kaminski, 

J. C. Campuzano, H. M. Fretwell, T. Talceuchi, H. Ding, 

L Chong, T. Terashima, and M. Takano, 2001c, Phys. Rev. 

B 64, 054502. 

Sato, T., H. Matsui, S. Nishina, T. Takahashi, T. Fu- 
ji!, T. Watanabc, and A. Matsuda, 2001d, eprint cond- 
mat/010841."3. 

Sato, T., L. T. Yokoya, Y. Naitoh, T. Takahashi, K. Yamada, 
and Y. Endoh, 1999, Phys. Rev. Lett. 83, 2254. 

Sawatzky, G. A., 1989, Nature 342, 480. 

Scalapino, D. J., 1969, in Superconductivity, edited by R. D. 



67 



Park (Marcel Decker, New York), volume 1. 
Scalapino, D. J., 1995, Pliys. Rep. 250, 330. 
Schabcl, M. C, C.-H. Park, A. Matsuura, Z.-X. Shen, D. A. 

Bonn, R. Liang, and W. N. Hardy, 1997, Phys. Rev. B 55, 

2796. 

Schabel, M. C, C.-H. Park, A. Matsuura, Z.-X. Shen, D. A. 
Bonn, R. Liang, and W. N. Hardy, 1998b, Phys. Rev. B 
57, 6107. 

Schabcl, M. C, C. H. Park, A. Matsuura, Z.-X. Shen, D. A. 
Bonn, R. X. Liang, and W. N. Hardy, 1998a, Phys. Rev. B 
57, 6090. 

Schaich, W. L., and N. W. Ashcroft, 1971, Phys. Rev. B 3, 
2452. 

Schilling, A., M. Cantoni, J. D. Quo, and H. R. Ott, 1993, 

Nature 363, 56. 
Schmalian, J., D. Pines, and B. Stojkovic, 1998, Phys. Rev. 

Lett. 80, 3839. 

Schrieffer, J. R., 1964, Theory of Superconductivity (Addison- 

Wesley, New York) . 
Schwaller, P., P. Aebi, H. Berger, C. Beeli, J. Osterwalder, 

and L. Schlapbach, 1995, J. Electron Spectr. Relat. Phe- 

nom. 76, 127. 

Seah, M. P., and W. A. Bench, 1979, Surf. Interface Anal. 1, 
2. 

Sekiyama, A., T. Iwasaki, K. Matsuda, Y. Saitoh, Y. Onuki, 

and S. Suga, 2000, Nature 403, 396. 
Senthil, T., and M. P. A. Fisher, 1999, eprint cond- 

mat/9912380. 

Shen, K. M., A. DamasceUi, D. H. Lu, N. P. Armitage, F. Ron- 
ning, D. L. Feng, C. Kim, Z.-X. Shen, D. J. Singh, I. 1. 
Mazin, S. Nakatsuji, Z. Q. Mao, et al, 2001a, Phys. Rev. 
B 64, 180502. 

Shen, Z.-X., and D. S. Dessau, 1995, Phys. Rep. 253, 1. 
Shen, Z.-X., D. S. Dessau, B. O. Wells, D. M. King, W. E. 

Spicer, A. J. Arko, D. Marshall, L. W. Lombardo, A. Ka- 

pitulnik, P. Dickinson, S. Doniach, J. DiCarlo, et al., 1993, 

Phys. Rev. Lett. 70, 1553. 
Shen, Z.-X., J. M. Harris, and A. G. Loeser, 1997, Hyperfine 

Interact. 105, 13. 
Shen, Z.-X., A. Lanzara, S. Isliiliara, and N. Nagaosa, 2001b, 

eprint cond-mat/0108381. 
Shen, Z.-X., and G. A. Sawatzky, 1999, Phys. Stat. Sol. B 

215, 523. 

Shen, Z.-X., and J. R. Schrieffer, 1997, Phys. Rev. Lett. 78, 
1771. 

Shen, Z.-X., P. J. White, D. L. Feng, C. Kim, G. D. Gu, 
H. Ikeda, R. Yoshizaki, and N. Koshizuka, 1998, Science 
280, 259. 

Shirley, D. A., 1972, Phys. Rev. B 5, 4709. 

Siegbalm, K., K. Siegbahn, C. Nordling, G. Johansson, 
J. Hedman, P. F. Heden, K. Hamrin, U. I. Gelius, 
T. Bergmark, L. O. Werme, R. Manne, and Y. Baer, 1969, 
ESCA Applied to Free Molecules (North Holland, Amster- 
dam). 

Singh, D. J., 1995, Phys. Rev. B 52, 1358. 
Singh, D. J., and W. E. Pickett, 1995, Phys. Rev. B 51, 3128. 
Smith, K. E., and S. D. Kevan, 1991, Prog. Solid State Chem. 
21, 49. 

Smith, N. v., 1971, Grit. Rev. Sohd State Sci. 2, 45. 

Smith, N. v., and F. J. Himpsel, 1983, in Handbook on Syn- 
chrotron Radiation, edited by E.-E. Koch (North-Holland, 
Amsterdam), volume lb. 

Smith, N. v., P. Thiry, and Y. Petroff, 1993, Phys. Rev. B 
47, 15476. 



Sokol, A., and D. Pines, 1993, Phys. Rev. Lett. 71, 2813. 
Sonier, J. E., J. H. Brewer, R. F. Kiefl, R. I. Miller, G. D. 

Morris, C. E. Stronacli, J. S. Gardner, S. R. Dunsigcr, D. A. 

Bonn, W. N. Hardy, R. Liang, and R. H. Heffner, 2001, 

Science 292, 1692. 
Sonier, J. E., J. H. Brewer, R. F. Kiefl, G. D. Morris, R. 1. 

Miller, D. A. Bonn, J. Chakhahan, R. H. Heffner, W. N. 

Hardy, and R. Liang, 1999, Phys. Rev. Lett. 83, 4156. 
Stadlobcr, B., G. Krug, R. Nemetschek, R. Hackl, J. L. Cobb, 

and J. T. Markert, 1995, Phys. Rev. Lett. 74, 4911. 
Steeneken, P., 2001, preprint. 

Straub, T., R. Claessen, P. Steiner, S. Hiifner, V. Eyert, 
K. Friemelt, and E. Bucher, 1997, Phys. Rev. B 55, 13473. 
Strocov, V. N., R. Claessen, G. Nicolay, S. Hiifner, A. Kimura, 

A. Harasawa, S. Shin, A. Kakizaki, P. O. Nilsson, H. I. 
Starnberg, and P. Blaha, 1998, Phys. Rev. Lett. 81, 4943. 

Strocov, V. N., H. I. Starnberg, P. O. Nilsson, H. E. Brauer, 
and L. J. Holleboom, 1997, Phys. Rev. Lett. 79, 467. 

Sushkov, O. P., G. A. Sawatzky, R. Eder, and H. Eskes, 1997, 
Phys. Rev. B 56, 11769. 

Suzuki, T., T. Goto, K. Chiba, T. Shinoda, T. Fukase, 
H. Kimura, K. Yamada, M. Ohashi, and Y. Yamaguchi, 

1998, Phys. Rev. B 57, 3229. 

Suzumura, Y., Y. Hasegawa, and H. Fukuyama, 1988, J. Phys. 

Soc. Jpn. 57, 2768. 
Takahashi, T., H. Matsuyama, H. KatayamarYoshida, Y. Ok- 

abe, S. Hosoya, K. Seki, H. Fujimoto, M. Sata, and 

H. Inokuchi, 1988, Nature 334, 691. 

Takeuchi, T., T. Yokoya, S. Shin, K. Jinno, M. Matsuura, 
T. Kondo, H. Ikuta, and U. Mizutani, 2001, J. Electron 
Spectr. Relat. Phenom. 114-116, 629. 

Tallon, J. L., C. Bernhard, H. Shaked, R. L. Hitterman, and 
J. D. Jorgensen, 1995, Phys. Rev. B 51, 12911. 

Tallon, J. L., and J. W. Loram, 2001, Physica C 349, 53. 

Tallon, J. L., J. W. Loram, G. V. M. Williams, J. R. Cooper, 

I. R. Fisher, J. D. Johnson, M. P. Staines, and C. Bernhard, 

1999, Phys. Stat. Sol. B 215, 531. 

Tallon, J. L., G. V. M. Wilhams, and J. W. Loram, 2000, 

Physica C 338, 9. 
Tanamoto, T., H. Kohno, and H. Fukuyama, 1992, J. Phys. 

Soc. Jpn. 61, 1886. 
Tarascon, J. M., W. R. McKinnon, P. Barboux, D. M. Hwang, 

B. G. Bagley, L. H. Greene, G. W. Hull, Y. LePage, N. Stof- 
fcl, and M. Giroud, 1988, Phys. Rev. B 38, 8885. 

Testardi, L. R., J. H. Wernick, and W. A. Royer, 1974, Solid 

State Commun. 15, 1. 
Tinkham, M., 1996, Introduction to Superconductivity 

(McGraw-Hill, New York). 
Tjeng, L. H., N. B. Brookes, and B. Sinkovic, 2001, J. Electron 

Spectr. Relat. Phenom. 117-118, 189. 
Tohyama, T., and S. Maekawa, 2000, Supercond. Sci. Technol. 

13, R17. 

Tohyama, T., S. Nagai, Y. Shibata, and S. Maekawa, 1999, 

Phys. Rev. Lett. 82, 4910. 
Tohyama, T., Y. Shibata, S. Maekawa, Z.-X. Shen, N. Nar 

gaosa, and L. L. Miller, 2000, J. Phys. Soc. Jpn. 69, 9. 
Tokura, Y., and N. Nagaosa, 2000, Science 288, 462. 
Trariquada, J. M., B. J. Sternlieb, J. D. Axe, Y. Nakamura, 

and S. Uchida, 1995, Nature 375, 561. 
Tsuei, C. C, and J. R. Kirtley, 2000a, Rev. Mod. Phys. 72, 

969. 

Tsuei, C. C, and J. R. Kirtley, 2000b, Phys. Rev. Lett. 85, 
182. 

Tsvetkov, A. A., D. van der Marel, K. A. Moler, J. R. Kirtley, 



68 



J. L. de Boer, A. Meetsma, Z. F. Ren, N. Koleshnikov, 

D. Dulic, A. Damascelli, M. Griininger, J. Sclmtzmarin, 

et al, 1998, Nature 395, 360. 
Uemura, Y. J., L. P. Le, G. M. Luke, B. J. Sternlieb, W. D. 

Wu, J. H. Brewer, T. M. Riseman, C. L. Seaman, M. B. 

Maple, M. Ishikawa, D. G. Hinks, J. D. Jorgensen, et al., 

1991, Phys. Rev. Lett. 66, 2665. 
Valla, T., A. V. Fcdorov, P. D. Johnson, and S. L. Hulbert, 

1999a, Phys. Rev. Lett. 83, 2085. 
Valla, T., A. V. Fcdorov, P. D. Johnson, Q. Li, G. D. Gu, and 

N. Koshizuka, 2000, Phys. Rev. Lett. 85, 828. 
Valla, T., A. V. Fedorov, P. D. Johnson, B. O. Wells, S. L. 

Hulbert, Q. Li, G. D. Gu, and N. Koshizuka, 1999b, Science 

285, 2110. 

Varma, C. M., 1997, Phys. Rev. B 55, 14554. 

Varma, C. M., 1999, Phys. Rev. Lett. 83, 3538. 

Varma, C. M., 2000, Phys. Rev. B 61, 3804. 

Varma, C. M., P. B. Littlewood, S. Schmitt-Rink, E. Abra- 
hams, and A. E. Ruckenstein, 1989, Phys. Rev. Lett. 63, 
1996. 

Varma, C. M., P. B. Littlewood, S. Schmitt-Rink, E. Abra- 
hams, and A. E. Ruckenstein, 1990, Phys. Rev. Lett. 64, 
497. 

Varma, C. M., S. Schmitt-Rink, and E. Abrahams, 1987a, 

in Novel Mechanisms of Superconductivity, edited by S. A. 

Wolf and V. Z. Kresin (Plenum Press, New York), p. 355. 
Varma, C. M., S. Schmitt-Rink, and E. Abrahams, 1987b, 

Solid State Commun. 62, 681. 
van Veenendaal, M. A., G. A. Sawatzky, and W. A. Groen, 

1994, Phys. Rev. B 49, 1407. 
Venturini, F., R. Hackl, and U. Michelucci, 2002, eprint cond- 

mat/0205415. 

Wang, S. H., Q. Song, B. P. Clayman, J. L. Peng, L. Zhang, 

and R. N. Sholton, 1990, Phys. Rev. Lett. 64, 1067. 
Wells, B. O., Z.-X. Shen, D. S. Dessau, W. E. Spicer, D. B. 

Mitzi, L. Lombardo, A. Kapitulnik, and A. J. Arko, 1992, 

Phys. Rev. B 46, 11830. 
Wells, B. O., Z.-X. Shen, A. Matsuura, D. M. King, M. A. 

Kastner, M. Greven, and R. J. Birgeneau, 1995, Phys. Rev. 

Lett. 74, 964. 

Wen, X.-G., and P. A. Lee, 1996, Phys. Rev. Lett. 76, 503. 
Wendin, G., 1981, Breakdown of the One-Electron Pictures in 

Photoelectron Spectroscopy (Springer- Verlag, Berlin). 
Wengor, F., and S. Ostlund, 1993, Phys. Rev. B 47, 5977. 
Wertheim, G., 1978, in Electron and Ion Spectroscopy of 

Solids, edited by L. Fiermans, J. Vennik, and W. Dekeyser 

(Plenum Press, New York). 
Weschke, E., C. Laubschat, T. Simmons, M. Domke, 

O. Strebel, and G. Kaindl, 1991, Phys. Rev. B 44, 8304. 
White, P. J., Z.-X. Shen, D. L. Feng, C. Kim, M. Z. Hasan, 

J. M. Harris, A. G. Loeser, H. Ikoda, R. Yoshizaki, G. D. 

Gu, and N. Koshizuka, 1999, eprint cond-mat/9901349. 
White, P. J., Z.-X. Shen, C. Kim, J. M. Harris, A. G. Looser, 

P. Fournier, and A. Kapitulnik, 1996, Phys. Rev. B 54, 

15669. 

White, S. R., and D. J. Scalapino, 2000, Phys. Rev. B 61, 
6320. 

Williams, R. H., G. P. Srivastava, and L T. McGovern, 1980, 

Rep. Prog. Phys. 43, 1357. 
Withers, R. L., J. S. Anderson, B. G. Hyde, J. G. Thompson, 



L. R. Wallenberg, J. D. FitzGcrald, and A. M. Stewart, 

1988, J. Phys. Sohd State Phys. 21, L417. 
Won, H., and K. Maki, 1994, Phys. Rev. B 49, 1397. 
Wu, D. H., J. Mao, S. N. Mao, J. L. Peng, X. X. Xi, 

T. Venkatesan, R. L. Greene, and S. M. Anlage, 1993, Phys. 

Rev. Lett. 70, 85. 
Wu, M. K., J. R. Ashburn, C. J. Torng, P. H. Hor, R. L. 

Meng, L. Gao, Z. J. Huang, Y. Q. Wang, and C. W. Chu, 

1987, Phys. Rev. Lett. 58, 908. 
Wu, W. C., 2002, Phys. Rev. B 65, 052508. 
Xiang, T., and J. M. Wheatley, 1996, Phys. Rev. B 54, 12653. 
Xu, J.-H., T. J. Watson- Yang, J. Yu, and A. J. Freeman, 

1987, Phys. Lett. A 120, 489. 
Yamada, K., S. Wakimoto, G. Shirane, C. H. Lee, M. A. Kast- 
ner, S. Hosoya, M. Greven, Y. Endoh, and R. J. Birgeneau, 

1995, Phys. Rev. Lett. 75, 1626. 
Yamamoto, A., M. Onoda, E. TakayamarMuromachi, 

F. Izumi, T. Ishigaki, and H. Asano, 1990, Phys. Rev. B 

42, 4228. 

Yeh, J. J., and L Lindau, 1985, Atom. Data Nucl. Data Tabl. 
32, 1. 

Yokoya, T., A. Chainani, T. Takahashi, H. Ding, J. C. Cam- 
puzano, H. Katayama-Yoshida, M. Kasai, and Y. Tokura, 
1996a, Phys. Rev. B 54, 13311. 

Yokoya, T., A. Chainani, T. Takahashi, H. Kayatama- 
Yoshida, M. Kasai, and Y. Tokura, 1996b, Phys. Rev. Lett. 
76, 3009. 

Yokoya, T., T. Kiss, T. Watanabe, S. Shin, M. Nohara, 
H. Takagi, and T. Oguchi, 2000, Phys. Rev. Lett. 85, 4952. 

Yoshida, T., 2001, Ph.D. Thesis (University of Tokyo, Japan). 

Yoshida, T., X. J. Zhou, M. Nakamura, S. A. Kellar, P. V. 
Bogdanov, E. D. Lu, A. Lanzara, Z. Hussain, A. Ino, T. Mi- 
zokawa, A. Fujimori, H. Eisaki, et al., 2001, Phys. Rev. B 
63, 220501. 

Yoshida, T., X. J. Zhou, T. Sasagawa, W. L. Yang, P. V. Bog- 
danov, A. Lanzara, Z. Hussain, T. Mizokawa, A. Fujimori, 
H. Eisaki, Z.-X. Shen, T. Kakeshita, et al, 2002, eprint 
cond-mat/0206469. 

Yusof, Z. M., B. O. Wells, T. Valla, A. V. Fedorov, P. D. 
Johnson, Q. Li, C. Kendziora, S. Jian, and D. G. Hinks, 
2002, Phys. Rev. Lett. 88, 167006. 

Zaanen, J., 1999, Science 286, 251. 

Zaanen, J., and O. Gunnarsson, 1989, Phys. Rev. B 40, 7391. 
Zaanen, J., G. A. Sawatzky, and J. W. Allen, 1985, Phys. 

Rev. Lett. 55, 418. 
Zacher, M. G., R. Eder, E. Arrigoni, and W. Hanke, 2000a, 

Phys. Rev. Lett. 85, 2585. 
Zacher, M. G., W. Hanke, E. Arrigoni, and S.-C. Zhang, 

2000b, Phys. Rev. Lett. 85, 824. 
Zhang, F. C., and T. M. Rice, 1988, Phys. Rev. B 37, 3759. 
Zhang, S.-C., 1997, Science 275, 1089. 
Zhou, X. J., 2001, preprint. 

Zhou, X. J., P. Bogdanov, S. A. Kellar, T. Noda, H. Eisaki, 
S. Uchida, Z. Hussain, and Z.-X. Shen, 1999, Science 286, 
268. 

Zhou, X. J., T. Yoshida, S. A. Kellar, P. V. Bogdanov, E. D. 
Lu, A. Lanzara, M. Nakamura, T. Noda, T. Kakeshita, 
H. Eisaki, S. Uchida, A. Fujimori, et al., 2001, Phys. Rev. 
Lett. 86, 5578. 



